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1
METHOD TO INCREASE ALGAL BIOMASS
AND ENHANCE ITS QUALITY FOR THE
PRODUCTION OF FUEL

CROSS-REFERENCE TO RELATED
APPLICATIONS

The application claims the benefit of the filing date of
application Ser. No. 61/723,662, filed on Nov. 7, 2012, the
disclosure of which is incorporated by reference herein.

STATEMENT OF GOVERNMENT RIGHTS

This invention was made with government support under
FA9550-11-1-0264 awarded by the U.S. Air Force Office of
Scientific Research. The government has certain rights in the
invention.

BACKGROUND

Triacylglycerol (TAG) is a universal storage lipid in plants,
algae, fungi, and animals. TAG is composed of a glycerol
backbone to which three fatty acyl chains are esterified. By
transesterification with methanol, TAG can be converted into
fatty acid methylesters (FAMEs) commonly referred to as
biodiesel (Durrett et al. 2008). Microalgae have been consid-
ered as sustainable feedstock for the production of biofuels
because they accumulate substantial amounts of TAG follow-
ing nutrient deprivation. Theoretical calculations suggest that
microalgae can surpass crop plants in their TAG yield per land
area used (Weyer et al. 2010). Despite the recent interest in
microalgae, this phylogenetically diverse group of photosyn-
thetic organisms is not well understood at the molecular and
biochemical levels, and the mechanistic basis of algal lipid
metabolism and of TAG accumulation still needs to be
explored in detail. Much of the current molecular understand-
ing of photosynthetic lipid biosynthesis is based on work with
Arabidopsis thaliana and other land plant models, providing
paradigms that may not be directly transferable given their
evolutionary divergence from microalgae. Indeed, current
information on lipid metabolism in the green algal model
Chlamydomonas reinhardtii, which is mostly based on
genome annotation (Riekhof et al. 2005) or early labeling and
lipid profiling experiments (Giroud et al. 1988, Giroud and
Eichenberger 1989), suggests that lipid metabolism in this
organism is distinct in crucial aspects from that of land plants.
Most strikingly, Chlamydomonas lacks phosphatidylcholine
(PtdCho), but instead contains the betaine lipid diacylglyc-
erol-N,N,N,-trimethylhomoserine (DGTS).

Seed plants typically have two assembly pathways for
glycerolipids (Roughan and Slack 1982). Fatty acids are syn-
thesized de novo in the plastid while attached to acyl carrier
proteins (ACPs) (Ohlrogge et al. 1979). Acyltransferases at
the inner chloroplast envelope membrane transfer acyl groups
from acyl-ACPs to glycerol 3-phosphate leading to the for-
mation of phosphatidic acid (PtdOH), the precursor of glyc-
erolipids of the thylakoid membrane. Alternatively, fatty
acids are exported from the plastid for assembly of extraplas-
tidic glycerolipids including TAGs at the endoplasmic reticu-
lum (ER). Because the acyltransferases associated with the
inner plastid envelope membrane and the ER have different
acyl group preferences, glycerolipids assembled by the two
pathways can be distinguished based on their acyl group
composition (Heinz and Roughan 1983). In Chlamydomo-
nas, the analysis of the acyl groups in the glyceryl backbone
of'the galactoglycerolipids, which are the predominant lipids
in the thylakoid membranes, suggests that their assembly is
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completely dependent on the plastid pathway (Giroud et al.
1988). In contrast, in seed plants such as Arabidopsis the
galactoglycerolipid molecular species are nearly equally
derived from the ER and the plastid assembly pathway
(Browse et al. 1986), thus requiring an elaborate system of
lipid transfer between the ER and the plastid envelopes (Ben-
ning 2009).

In particular, the lack of phosphatidylcholine (PtdCho) in
Chlamydomonas is expected to affect other aspects of glyc-
erolipid metabolism. For example, isotope labeling of cyto-
solic lipids in pea leaves indicated that most of the acyl groups
synthesized de novo in the plastid are first incorporated into
PtdCho instead of PtdOH (Bates et al. 2007). Thus, it was
proposed that acyl editing of PtdCho is an important aspect of
fatty acid export from the plastid, cycling acyl groups through
PtdCho before they enter the cytosolic acyl-CoA pool, which
ultimately provides acyl groups for glycerolipid assembly at
the ER. The lack of PtdCho in Chlamydomonas raises several
questions, particularly whether an alternative mechanism of
acyl editing, possibly involving DGTS or another lipid, or a
mechanism completely independent of acyl editing exists,
which is involved in the export of fatty acids from the plastid.
Typically, lipid droplets are formed at the ER in all eukaryotic
cells. However, recent reports on TAG accumulation in
Chlamydomonas suggest that TAG-containing lipid droplets
are present in plastids (Fan et al. 2011, Goodson et al. 2011),
raising the possibility that TAG is either directly assembled in
plastids, or imported into them.

Aside from the basic mechanisms of glycerolipid assembly
in Chlamydomonas, the details of the regulation of TAG
synthesis are unclear as well. Like other microalgae, Chlamy-
domonas produces lipid droplets filled with TAGs following
nutrient deprivation (Moellering and Benning 2010, Wang et
al. 2009), conditions that involve genome-wide transcrip-
tional changes (Castruita et al. 2011, Miller et al. 2010).
Intriguingly, among the genes up-regulated or down-regu-
lated by N deprivation were a large number of genes anno-
tated to encode lipases (Miller et al. 2010).

SUMMARY OF THE INVENTION

Following nitrogen (N) deprivation microalgae accumu-
late triacylglycerols. To gain mechanistic insights into this
phenomenon, mutants were identified with reduced TAG con-
tent following N deprivation in the model alga Chlamydomo-
nas reinhardtii. In one of the mutants, the disruption of a
galactoglycerolipid lipase-encoding gene, tentatively desig-
nated Plastid Galactoglycerolipid Degradation 1 (PGD1),
was responsible for the primary phenotype: reduced TAG
content, altered TAG composition, and reduced galactoglyc-
erolipid turnover. The recombinant PGD1 protein, which was
purified from E. coli extracts, hydrolyzed monogalactosyl-
diacylglycerol into its lyso-lipid derivative. In vivo pulse-
chase labeling identified galactoglycerolipid pools as a major
source of fatty acids esterified in triacylglycerols following N
deprivation. Moreover, the fatty acid flux from plastid lipids
to triacylglycerol was decreased in the pgd] mutant. Appar-
ently, de novo synthesized fatty acids in Chlamydomonas are,
at least partially, first incorporated into plastid lipids before
they enter triacylglycerol synthesis. As a secondary effect, the
pgdl mutant exhibited a loss of viability following N depri-
vation, which could be avoided by blocking photosynthetic
electron transport. Thus, the pgdl mutant provides evidence
for an important biological function of triacylglycerol syn-
thesis following N deprivation, namely relieving a detrimen-
tal overreduction of the photosynthetic electron transport
chain.
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Expression of PGD1 gene in the mutant increased the
production of oil and so over-expression of galactolipase
PGD1, which catalyzes an acyl-editing cycle, in wild-type
algae and heterologous expression in other algal species or
plants will likely increase oil production, as the tested galac-
tolipase PGD1 contributed to 50% of total oil made by
Chlamydomonas. The presence of PGDI1 also increased the
percentage of 18:1 fatty acid or mono-unsaturated fatty acids
in the oil, which is desired for high-quality biodiesel. Since
the PDG1 gene is conserved in green algae and land plants, a
wide range of genes encoding proteins that are structurally
and functionally related to Chlamydomonas PGD 1 may be
employed as isolated protein or provided in recombinant
cells.

The invention provides an isolated algal cell having a muta-
tionin a gene encoding a polypeptide which is a lipase such as
a galactoglycerolipid lipase, e.g., one where the polypeptide
has at least 40%, 50%, 60%, 65%, 70%, 80%, 85%, 90%,
95%, 97%, 99% or 100% amino acid sequence identity to a
polypeptide having SEQ IDNO:1, 2 or 3. In one embodiment,
the isolated algal cell is a recombinant algal cell, e.g., a
recombinant red, green or brown alga such as one having a
genome that is augmented with an expression cassette encod-
ing a lipase.

Further provided is a recombinant alga or plant cell having
a nucleotide sequence encoding a polypeptide which is a
lipase galactoglycerolipid lipase, e.g., one where the
polypeptide has at least 40%, 50%, 60%, 65%, 70%, 80%,
85%, 90%, 95%, 97%, 99% or 100% amino acid sequence
identity to a polypeptide having SEQ ID NO:1, 2 or 3, or a
fragment thereof, so that the cell has increased TAG produc-
tion or oil production relative to a corresponding non-recom-
binant cell. In one embodiment, the recombinant cell is an
algal cell, e.g., Archaeplastida, Rhizaria, Excavata or,
Chromista, Alveolata or Chlamydomonas, or Nannochlorop-
sis, Phaeophyceae or Phytophthora infestans. In one embodi-
ment, the algal cell is a Chlorophyta (green algae), Rhodo-
phyta (red algae), or Phaeophyceae (brown algae) cell. In one
embodiment, the recombinant cell is a bacterial cell, e.g., a
Streptococcus, Pseudomonas, Staphylococcus or E. coli. In
one embodiment, the recombinant cell is a plant cell, e.g., a
plant cell from a plant that produces oil such as a corn,
cannola, palm, soybean, peanut, or walnut plant.

The invention thus provides for production of oil from
algae with high energy density, or plants, or other cells, which
in turn provides for feedstock for biodiesel production. More-
over, algae can be grown on marginal lands and so do not
compete for space with food producing organisms that reside
in or on land.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1. Phenotypes of the pgdl mutant compared to the
wild-type parental strain (WT). (A) Time course of triacylg-
lycerol (TAG) accumulation following N deprivation and (B)
phenotypic analysis of progenies from a cross between pgdl
and CC-198. Hs and Hr indicate Hygromycin B sensitive and
resistant lines respectively. (A, B) The ratio of fatty acids (FA)
in TAGs over total fatty acids in the lipid extracts is shown.
Averages of three independent measurements are provided.
Error bars indicate standard deviation. (C) Appearance of the
same patches of N-deprived cells placed on agar-solidified
TAP-N medium, 0-12 days after plating.

FIG. 2. Molecular characterization the pgd1 mutant. (A) A
schematic representation of the pHyg3 insertion into the
genome of the pgd1 mutant. The triangle represents the insert.
Thick arrows indicate the orientation of the positive strand of
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the aph7" gene conferring resistance to Hygromycin B. The
PGD1 gene model is shown in a 5' to 3' direction from lett to
right, with exons and introns represented by black boxes and
connecting lines, respectively. 5' and 3' untranslated regions
are shown as white boxes. Crosshatched boxes indicate the
position of the Southern probe used in (B). PCR primer sites
are indicated by arrows, which are not drawn to scale. The
binding sites for the “SiteFinding” primers and nested prim-
ers for the two ends of the insertion are shown as single arrows
S1 and S2, respectively. Sequences for all primers can be
foundin Table 1. (B) Southern blot of the pHyg3 insertion and
surrounding genomic DNA. Genomic DNA was digested
with BamHI or Pstl and Xhol and probed with the fragment
(cross-hatched box) as shown in (A). Pstl cuts outside the
insert and sites are not shown in (A). (C) Reverse transcrip-
tion-quantitative PCR of the PGD1 transcript in the wild-type
parental strain (WT) and the pgdl mutant grown for 48 h in
TAP (+N) or TAP-N(—N) medium. The abundance of PGD1
mRNA was normalized to RACK1. Data are presented as
averagexSD (n=3).

FIG. 3. Genetic complementation of pgd1 phenotypes with
wild-type genomic DNA. (A) Section of an agar plate with
pgdl mutant colonies 20 days after transformation with a
wild-type PGD1 containing fragment. Green colonies (ar-
rows) are presumed to be complemented lines; white colonies
show the chlorosis phenotype characteristic of pgdl. (B)
Confirmation of the phenotypes of lines which form green
(G1-8) and bleached colonies (W1-8) following re-streaking
and 10 d of growth on TAP-N. The pgdl mutant and the
wild-type parental strain (WT) are included. (C) Genotyping
of the different lines. A scheme depicting the insertion site
shows the primer locations with arrows; sections of DNA gels
with PCR products obtained with PCR primers as indicated
are shown below. Primer sizes are not to scale. (D) Quantita-
tive analysis of TAG of three lines rescued with PGD1
genomic DNA after 48 h of growth in TAP-N medium. The
ratio of fatty acids (FA) in TAGs over total fatty acids in the
lipid extracts is shown. Averages of three independent mea-
surements are provided. Error bars indicate standard devia-
tion.

FIG. 4. Detailed lipid analysis of the wild-type parental
strain (WT) and pgd1 mutant in N-replete medium (+N) and
48 h after transfer to N-depleted medium (—N). (A) Relative
abundance of major polar lipid classes. (B) Relative fatty acid
(FA) composition and (C) cellular contents of total cellular
fatty acids. (D) Composition of fatty acids esterified to TAG.
Averages of three replicates are shown with error bars indi-
cating SD. Lipid abbreviations: DGTS, diacylglycerol-N,N,
N-trimethylhomoserine; DGDG, digalactosyldiacylglycerol;
MGDG, monogalactosyldiacylglycerol; PtdEtn, phosphati-
dylethanolamine; PtdGro, phosphatidylglycerol; Ptdlns,
phosphatidylinositol; SQDG, sulfoquinovosyldiacylglyc-
erol. Fatty acids are designated as chain length: number of
double bonds. Positions of double bonds are indicated with A
(counting from carboxyl group) or w (counting from the
methyl group). In (B) 16:2 is a mixture of 16:2 A7,10and 16:2
A10,13.

FIG. 5. Positional analysis of TAG acyl groups of the
wild-type parental strain (WT) and pgd]l mutant 48 h after
transfer to N-depleted medium (—N). Purified TAG from
Chlamydomonas cells were hydrolyzed by Rhizopus lipase.
(A) Free fatty acids were presumed to be derived from sn-1/
sn-3 position of the glyceryl back bone of TAG. (B) The
residual monoacylglycerol contains the sn-2 position acyl
groups. The values represent the average of three replicates
with error bars indicating standard deviation.
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FIG. 6. In vivo pulse-chase acetate labeling of lipids in the
wild-type parental strain (WT) and the pgd1 mutant. Labeled
acetate was added 12 h following transfer of cells to TAP-N
medium. The length of the [**C]-acetate labeling pulse was
200 min, after which the cells were transferred to TAP-N
medium lacking labeled acetate. Cells were collected at the
times indicated and lipid extracts were prepared and ana-
lyzed. The fraction of label in all analyzed lipids is given;
lipids containing the bulk of the label and those most relevant
for the discussion are shown in this figure. Fractions of label
in other lipids are shown in FIG. 13. Lipid abbreviations are as
defined for FIG. 4. The data are from one representative
experiment of a series of independent experiments.

FIG. 7. Activity of the recombinant PGD1 protein on
MGDG and DGDG. (A) SDS-PAGE of purified PGD1 pro-
tein and whole cell lysates (WCL) from F. coli cells express-
ing the PGD1 open reading frame and the empty vector con-
trol. Protein loading was 6 ug per lane for whole cell lysates.
Purified PGD1 protein loaded was 1 pg (Quantified as in
Methods; possibly biased by components in refolding buffer).
Proteins were stained by Coomassie Brilliant Blue. The arrow
indicates the PGD1 protein. (B) A thin-layer chromatogram
of polar lipids from the lipase assay mixtures to which either
mature MGDG extracted from Chlamydomonas (Cr), or
MGDG extracted from the E. coli strain over-expressing
cucumber MGDG synthase were added as substrates. (C) A
thin-layer chromatogram of polar lipids from the lipase assay
mixtures to which either DGDG extracted from Chlamy-
domonas alone or mixed in with E. coli derived MGDG at a
1:1 molar ratio were added as substrates. Glycolipids were
visualized with a-naphtol reagent. Reaction products
obtained with refolded PGD 1 protein, blank refolding buffer
and Rhizopus arrhizus lipase dissolved in protein refolding
buffer (Ralip-R) or PBS (RaLip-P) were analyzed. (D)-(I)
Gas liquid chromatograms of methyl esters derived from a
buffer control reaction containing . co/i-derived MGDG (D)
or different fractions after lipase reaction with . coli-derived
MGDG as discussed in the text. As an internal standard, 15:0
was used.

FIG. 8. Biochemical and physiological characterization of
wild-type parental strain (WT) and the pgd1 mutant following
N deprivation. (A) Appearance of cultures grown in TAP-N
for the number of days indicated. The electron transport chain
inhibitor DCMU dissolved in dimethyl sulfoxide was present
at a final concentration of 2 uM as indicated. Two represen-
tative cultures per line are shown. (B) Time course of total
cellular chlorophyll (Chl) content. (C) Time course of cell
viability relative to day O, the start of N deprivation following
transfer to TAP-N medium. (D) Time course of cellular
thiobarbituric acid reactive substances (TBARS) content. (E)
TAG accumulation presented as ratio of fatty acids (FA) in
TAGs over total fatty acids in the lipid extracts after 2 d of N
deprivation. For all quantitative data, three replicates were
averaged with SD indicated by the error bars.

FIG. 9. Hypothesis placing PGD1 into the context of over-
all cellular lipid metabolism explaining its role in TAG bio-
synthesis. For simplicity a single lipid droplet (LD) is shown
forming at the endoplasmic reticulum (ER) or the chloroplast
envelope (Cp Env). Thylakoid membranes harboring the two
photosystems have been omitted. Three lipid turnover pro-
cesses discussed in the text are indicated by numbers: 1.
Turnover of newly synthesized MGDG; 2. turnover of mature
MGDG and other thylakoid lipids at the plastid envelopes; 3
acyl group modification and lipid turnover at the ER.
Enzymes, protein complexes and processes are italicized:
FAS, fatty acid synthase complex; Fd, ferredoxin; FNR,
ferredoxin: NADP+ reductase; PSI and I, Photosystem [ and
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II. Substrates and products: DAG, diacylglycerol; e-, elec-
tron; FA, fatty acid; MGDG, monogalactosyldiacylglycerol;
PL, polar lipids; TAG, triacylglycerol; ROS, reactive oxygen
species. Not all intermediates or reactions involved are
shown.

FIG. 10. Growth curves of wild-type parental strain (WT)
and pgd1 mutant in regular TAP medium. Cells were grown to
stationary phase and inoculated into fresh TAP medium to an
optical density (at 750 nm) of 0.04. This experiment was
repeated more than three times with two biological replicates
each time. A representative result is shown here. Each data
point is the average from three technical replicates with rela-
tive standard deviations smaller than 3%.

FIG. 11. Fatty acid compositions of DGTS, PtdEtn,
MGDG, DGDG, PtdGro of the wild-type parental strain
(WT) and pgd] mutant in N-replete medium (+N) and 48 h
after transfer to N-depleted medium (—N). Lipid abbrevia-
tions are as defined for FIG. 4. Averages of three replicates are
shown with error bars indicating SD. Fatty acids are desig-
nated as chain length: number of double bonds. Positions of
double bonds are indicated with A (counting from carboxyl
group) or o (counting from the methyl group).

FIG. 12. In vivo pulse-chase acetate labeling of lipids in the
wild-type parental strain (WT) and the pgd1 mutant before N
deprivation. Labeled acetate was added prior to the transfer to
TAP-N medium. The length of the [**C]-acetate labeling
pulse was 150 minutes after which the cells were transferred
to TAP-N medium lacking labeled acetate. Cells were col-
lected at the times indicated and lipid extracts were prepared
and analyzed. The fraction of label in all analyzed lipids is
given; only lipids containing the bulk of the label or those
most relevant for the discussion are shown. Lipid abbrevia-
tions are as defined for FIG. 4. The given data are from one
representative experiment of a series of independent experi-
ments.

FIG. 13. In vivo pulse-chase acetate labeling of PtdEtn,
PtdGro, SQDG and PtdIns in the wild-type parental strain
(WT) and the pgdl mutant. The data are from the same set of
experiments as shown in FIG. 6. Lipid abbreviations are as
described in FIG. 4. SQDG, PtdIns and TLC origin were
scraped together as one fraction (SPO).

FIG. 14 Hydrolysis of Chlamydomonas-derived MGDG
by PGD1. Gas liquid chromatograms of methyl esters derived
from different fractions after lipase reaction are shown as
discussed in detail in the text. As internal standard 15:0 was
used. (A) Substrate Chlamydomonas MGDG; (B) remaining
MGDG after PGD1 hydrolysis; (C) and (D) lyso-MGDG and
free fatty acids generated from PGD1 hydrolysis, respec-
tively. \

FIG. 15. Quantitative hydrolysis of . coli derived MGDG
by PGD1. (A) A thin-layer chromatogram of polar lipids from
the PGD1 assay mixtures to which MGDG extracted from the
E. coli strain over-expressing cucumber MGDG synthase was
added as substrate. Glycolipids were visualized with a-naph-
tol reagent. One aliquot of the same volume was extracted and
loaded to the TL.C for each time point. (B) Dependence of
MGDG hydrolysis on MGDG concentration. Reaction veloc-
ity was quantified as the amount of lyso-MGDG generated
per min per mg purified PGD1 protein. A representative result
is shown for each panel.

FIG. 16. Activity of the recombinant PGD1 protein on
DGTS, PtdEtn, PtdGro and SQDG. Thin-layer chromato-
grams of polar lipids from the PGD1 assay mixtures to which
Chlamydomonas-derived membrane lipids were added as
substrates. Lipid abbreviations are as described in FIG. 4.
Exposure to iodine vapor was used to visualize lipids for
reactions on DGTS, PtdEtn and PtdGro. SQDG and lyso-
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SQDG were stained by a-naphtol reagent. Substrates treated
with Rhizopus lipase was used to generate the lyso-lipid stan-
dards. A representative result is shown for each panel.

DETAILED DESCRIPTION
Definitions

As used herein, the term “isolated” refers to in vitro prepa-
ration and/or isolation of a nucleic acid molecule, e.g., vector
or plasmid, or peptide or polypeptide (protein), or cell, so that
it is not associated with in vivo substances, or is substantially
purified from in vitro substances. Thus, for example, an “iso-
lated oligonucleotide”, “isolated polynucleotide”, “isolated
protein”, or “isolated polypeptide” refers to a nucleic acid or
amino acid sequence that is identified and separated from at
least one contaminant with which it is ordinarily associated in
its source. For example, an isolated nucleic acid or isolated
polypeptide may be present in a form or setting that is differ-
ent from that in which it is found in nature. In contrast,
non-isolated nucleic acids (e.g., DNA and RNA) or non-
isolated polypeptides (e.g., proteins and enzymes) are found
in the state they exist in nature. For example, a given DNA
sequence (e.g., a gene) is found on the host cell chromosome
in proximity to neighboring genes; RNA sequences (e.g., a
specific mRNA sequence encoding a specific protein), are
found in the cell as a mixture with numerous other mRNAs
that encode a multitude of proteins. However, isolated nucleic
acid includes, by way of example, such nucleic acid in cells
ordinarily expressing that nucleic acid where the nucleic acid
is in a chromosomal location different from that of natural
cells, or is otherwise flanked by a different nucleic acid
sequence than that found in nature. The isolated nucleic acid
or oligonucleotide may be present in single-stranded or
double-stranded form. When an isolated nucleic acid or oli-
gonucleotide is to be utilized to express a protein, the oligo-
nucleotide contains at a minimum, the sense or coding strand
(i.e., a single-stranded nucleic acid), but may contain both the
sense and anti-sense strands (i.e., a double-stranded nucleic
acid).

The term “nucleic acid molecule,” “polynucleotide” or
“nucleic acid sequence” as used herein, refers to nucleic acid,
DNA or RNA that comprises coding sequences necessary for
the production of a polypeptide or protein precursor. The
encoded polypeptide may be a full-length polypeptide, a frag-
ment thereof (less than full-length), or a fusion of either the
full-length polypeptide or fragment thereof with another
polypeptide, yielding a fusion polypeptide.

By “peptide,” “protein” and “polypeptide” is meant any
chain of amino acids, regardless of length or post-transla-
tional modification (e.g., glycosylation or phosphorylation).
The nucleic acid molecules of the invention encode a variant
of a naturally-occurring protein or polypeptide fragment
thereof, which has an amino acid sequence that is at least
60%, e.g., at least 65%, 70%, 75%, 80%, 85%, 90%, 95%,
96%, 97%, 98%, or 99%, but less than 100%, amino acid
sequence identity to the amino acid sequence of the naturally-
occurring (native or wild-type) protein from which it is
derived. The polypeptides of the invention thus include those
with conservation substitutions, e.g., relative to the polypep-
tide having SEQ ID NO:1 and/or a polypeptide with at least
60%, e.g., at least 65%, 70%, 75%, 80%, 85%, 90%, 95%,
96%, 97%, 98%, or 99%, but less than 100%, amino acid
sequence identity to a polypeptide having SEQ ID NO:1.
Amino acid residues may be those in the L-configuration, the
D-configuration or nonnaturally occurring amino acids such
as norleucine, L-ethionine, 3-2-thienylalanine, 5-methyltryp-
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tophan norvaline, [-canavanine, p-fluorophenylalanine,
p-(4-hydroxybenzoyl)phenylalanine, 2-keto-4-(methylthio)
butyric acid, beta-hydroxy leucine, gamma-chloronorvaline,
gamma-methyl D-leucine, beta-D-L.  hydroxyleucine,
2-amino-3-chlorobutyric acid, N-methyl-D-valine, 3.4.dif-
luoro-L-phenylalanine, 5,5,5-trifluoroleucine, 4,4,4,-trif-
luoro-L-valine, 5-fluoro-L-tryptophan, 4-azido-L-phenylala-
nine, 4-benzyl-L-phenylalanine, thiaproline, 5,5,5-
trifluoroleucine, 5,5,5,5',5',5'-hexafluoroleucine, 2-amino-4-
methyl-4-pentenoic acid, 2-amino-3,3,3-trifluoro-
methylpentanoic acid, 2-amino-3-methyl-5,5,5-tri-
fluoropentanoic acid, 2-amino-3-methyl-4-pentenoic acid,
trifluorovaline, hexafluorovaline, homocysteine, hydroxyl-
ysine, ornithine, and those with peptide linkages optionally
replaced by a linkage such as, —CH,NH—, —CH,S—,
—CH,—CH,—, —CH—CH— (cis and trans),
—COCH,—, —CH(OH)CH,—, and —CH,SO—, by meth-
ods known in the art. In keeping with standard polypeptide
nomenclature, abbreviations for naturally occurring amino
acid residues are as shown in the following Table of Corre-
spondence.

TABLE OF CORRESPONDENCE

1-Letter 3-Letter AMINO ACID

Y Tyr L-tyrosine

G Gly L-glycine

F Phe L-phenylalanine
M Met L-methionine
A Ala L-alanine

S Ser L-serine

I Ile L-isoleucine

L Leu L-leucine

T Thr L-threonine

\' Val L-valine

P Pro L-proline

K Lys L-lysine

H His L-histidine

Q Gln L-glutamine

E Glu L-glutamic acid
w Trp L-tryptophan
R Arg L-arginine

D Asp L-aspartic acid
N Asn L-asparagine
C Cys L-cysteine

Conservative substitutions typically include substitutions
within the following groups: glycine, alanine; valine, isoleu-
cine, leucine; aspartic acid, glutamic acid, asparagine,
glutamine; serine, threonine; lysine, arginine; and phenylala-
nine, tyrosine.

The term “fusion polypeptide” or “fusion protein” refers to
a chimeric protein containing a reference protein (e.g.,
luciferase) joined at the N- and/or C-terminus to one or more
heterologous sequences (e.g., a non-luciferase polypeptide).

Protein primary structure (primary sequence, peptide
sequence, protein sequence) is the sequence of amino acids. It
is generally reported starting from the amino-terminal (N)
end to the carboxyl-terminal (C) end. Protein secondary
structure can be described as the local conformation of the
peptide chain, independent of the rest of the protein. There are
‘regular’ secondary structure elements (e.g., helices, sheets or
strands) that are generally stabilized by hydrogen bond inter-
actions between the backbone atoms of the participating resi-
dues, and ‘irregular’ secondary structure elements (e.g., turns,
bends, loops, coils, disordered or unstructured segments).
Protein secondary structure can be predicted with different
methods/programs, e.g., PSIPRED, PORTER, or DSC, see
http://www.expasy.org/tools/#secondary for a list. Protein
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tertiary structure is the global three-dimensional (3D) struc-
ture of the peptide chain. It is described by atomic positions in
three-dimensional space, and it may involve interactions
between groups that are distant in primary structure. Protein
tertiary structures are classified into folds, which are specific
three-dimensional arrangements of secondary structure ele-
ments. Sometimes there is no discernable sequence similarity
between proteins that have the same fold.

As used herein, “substantially purified” means the object
species is the predominant species, e.g., on a molar basis it is
more abundant than any other individual species in a compo-
sition, and preferably is at least about 80% of the species
present, and optionally 90% or greater, e.g., 95%, 98%, 99%
or more, of the species present in the composition.

The term “homology” refers to a degree of complementa-
rity between two or more sequences. There may be partial
homology or complete homology (i.e., identity). Homology
is often measured using sequence analysis software (e.g.,
“GCG” and “Seqweb” Sequence Analysis Software Package
formerly sold by the Genetics Computer Group, University of
Wisconsin Biotechnology Center. 1710 University Avenue,
Madison, Wis. 53705). Such software matches similar
sequences by assigning degrees of homology to various sub-
stitutions, deletions, insertions, and other modifications.
Sources of Cells for Recombinant Expression and Methods of
Preparation and Use

One of a set of down-regulated genes in response to N
deprivation in Chlamydomonas was shown to encode a lipase
involved in TAG turnover in Chlamydomonas (Liet al. 2012).
As a complement to transcript profiling in revealing genes
involved in TAG metabolism or its regulation, a genetic
screen was developed for mutants with abnormal TAG levels
following N deprivation. A low-TAG mutant was identified
with a lesion in a galactoglycerolipid lipase-encoding gene.
This gene was among the up-regulated lipase-encoding genes
following N deprivation (Miller et al. 2010), consistent with a
role for acyl editing or turnover of galactoglycerolipids dur-
ing TAG formation in Chlamydomonas. The availability of a
low TAG mutant of Chlamydomonas also allowed the exami-
nation of the physiological role of TAG accumulation follow-
ing nutrient stress.

Triacylglycerol (TAG) is composed of a glycerol backbone
to which three fatty acyl chains are esterified. By transesteri-
fication with methanol, TAG can be converted into fatty acid
methyl esters (FAMEs) commonly referred to as biodiesel.
Microalgae have been considered as sustainable feedstock for
the production of biofuels because they accumulate substan-
tial amounts of TAG following nutrient deprivation. A genetic
screen was developed for mutants with abnormal TAG levels
following N deprivation. In one of the mutants, the disruption
of a galactoglycerolipid lipase-encoding gene, tentatively
designated PGDI, was responsible for the primary pheno-
type: reduced TAG content, altered TAG composition.
Mechanistic studies show that PGD1 protein catalyzes an
acylediting cycle to export fatty acids (mainly monounsat-
urated fatty acids) from the plastid for TAG biosynthesis. The
mutant of Chlamydomonas reinhardtii with impaired oil
accumulation was shown to be deficient in a lipase with
specificity for newly assembled monogalactolipids, and the
data indicated that passage of fatty acids synthesized in the
chloroplast is through a transient chloroplast membrane lipid
pool into triacylglycerols. The results also indicate a role of
oil biosynthesis for survival following nutrient deprivation.

The invention provides preparations of microbial cells,
such as bacteria, yeast, alga and fungi, as well as plant cells
and plants and other eukaryotes. Algal cells useful in the
invention include but are not limited to Chlorophyta (green
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algae), Rhodophyta (red algae), Glaucophyta, Chlorarach-
niophytes, Euglenids, Bacillariophyceae (Diatoms), Axod-
ine, Bolidomonas, FEustigmatophyceae, Phaeophyceae
(brown algae), Chrysophyceae (golden algae), Raphido-
phyceae, Synurophyceae, Xanthophyceae (yellow-green
algae), Cryptophyta, Dinoflagellates or Haptophyta. Plant
cells useful in the invention include but are not limited to
those from Plants transformed in accordance with the present
invention may be monocots or dicots and include, but are not
limited to, maize, wheat, barley, rye, sweet potato, bean, pea,
chicory, lettuce, cabbage, cauliflower, broccoli, turnip, rad-
ish, spinach, asparagus, onion, garlic, pepper, celery, squash,
pumpkin, hemp, zucchini, apple, pear, quince, melon, plum,
cherry, peach, nectarine, apricot, strawberry, grape, rasp-
berry, blackberry, pineapple, avocado, papaya, mango,
banana, soybean, tomato, sorghum, sugarcane, sugar beet,
sunflower, rapeseed, clover, tobacco, carrot, cotton, alfalfa,
rice, potato, eggplant, cucumber, Arabidopsis, and woody
plants such as coniferous and deciduous trees. Yeast cells
useful in the invention are those from phylum Ascomycota,
subphylum Saccharomycotina, class Saccharomycetes, order
Saccharomycetales or Schizosaccharomycetales, family Sac-
charomycetaceae, genus Saccharomyces or Pichia
(Hansenula), e.g., species: P. anomola, P. guilliermondiii, P.
norvegenesis, P. ohmeri, and P. pastoris.

Cells employed in the invention may be native (non-recom-
binant) cells or recombinant cells, e.g., those which are trans-
formed with exogenous (recombinant) DNA having one or
more expression cassettes each with a polynucleotide having
a promoter and an open reading frame encoding one or more
enzymes useful for oil production. The enzyme(s) encoded by
the exogenous DNA is referred to as “recombinant,” and that
enzyme may be from the same species or heterologous (from
a different species). For example, a recombinant red algal cell
may recombinantly express a green algal enzyme or a plant,
or other microbial, e.g., Aspergillus or Saccharomyces
enzyme, or a recombinant monocot plant cell may recombi-
nantly express an algal enzyme or another plant, or other
microbial enzyme.

In one embodiment, the microbial cell employed in the
methods of the invention is transformed with recombinant
DNA, e.g., in a vector. Vectors, plasmids, cosmids, YACs
(veast artificial chromosomes) BACs (bacterial artificial
chromosomes) and DNA segments for use in transforming
cells will generally comprise DNA encoding an enzyme, as
well as other DNA that one desires to introduce into the cells.
These DNA constructs can further include elements such as
promoters, enhancers, polylinkers, marker or selectable
genes, or even regulatory genes, as desired. For instance, one
of the DNA segments or genes chosen for cellular introduc-
tion will often encode a protein that will be expressed in the
resultant transformed (recombinant) cells, such as to result in
a screenable or selectable trait and/or that will impart an
improved phenotype to the transformed cell. However, this
may not always be the case, and the present invention also
encompasses transformed cells incorporating non-expressed
transgenes.

DNA usetul for introduction into cells includes that which
has been derived or isolated from any source, that may be
subsequently characterized as to structure, size and/or func-
tion, chemically altered, and later introduced into cells. An
example of DNA “derived” from a source, would be a DNA
sequence that is identified as a useful fragment within a given
organism, and that is then chemically synthesized in essen-
tially pure form. An example of such DNA “isolated” from a
source would be a useful DNA sequence that is excised or
removed from said source by biochemical means, e.g., enzy-
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matically, such as by the use of restriction endonucleases, so
that it can be further manipulated, e.g., amplified, for use in
the invention, by the methodology of genetic engineering.
Such DNA is commonly also referred to as “recombinant
DNA”

Therefore, useful DNA includes completely synthetic
DNA, semi-synthetic DNA, DNA isolated from biological
sources, and DNA derived from introduced RNA. The intro-
duced DNA may be or may not be a DNA originally resident
in the host cell genotype that is the recipient of the DNA
(native or heterologous). It is within the scope of the invention
to isolate a gene from a given genotype, and to subsequently
introduce multiple copies of the gene into the same genotype,
e.g., to enhance production of a given gene product.

The introduced DNA includes, but is not limited to, DNA
from genes such as those from bacteria, yeasts, fungi, plants
or vertebrates, e.g., mammals. The introduced DNA can
include modified or synthetic genes, e.g., “evolved” genes,
portions of genes, or chimeric genes, including genes from
the same or different genotype. The term “chimeric gene” or
“chimeric DNA” is defined as a gene or DNA sequence or
segment comprising at least two DNA sequences or segments
from species that do not combine DNA under natural condi-
tions, or which DNA sequences or segments are positioned or
linked in a manner that does not normally occur in the native
genome of the untransformed cell.

The introduced DNA used for transformation herein may
becircular or linear, double-stranded or single-stranded. Gen-
erally, the DNA is in the form of chimeric DNA, such as
plasmid DNA, which can also contain coding regions flanked
by regulatory sequences that promote the expression of the
recombinant DNA present in the transformed cell. For
example, the DNA may include a promoter that is active in a
cell that is derived from a source other than that cell, or may
utilize a promoter already present in the cell that is the trans-
formation target.

Generally, the introduced DNA will be relatively small,
i.e., less than about 30 kb to minimize any susceptibility to
physical, chemical, or enzymatic degradation that is knownto
increase as the size of the DNA increases. The number of
proteins, RNA transcripts or mixtures thereof that is intro-
duced into the cell is preferably preselected and defined, e.g.,
from one to about 5-10 such products of the introduced DNA
may be formed.

The selection of an appropriate expression vector will
depend upon the host cells. An expression vector can contain,
for example, (1) prokaryotic DNA elements coding for a
bacterial origin of replication and an antibiotic resistance
gene to provide for the amplification and selection of the
expression vector in a bacterial host; (2) DNA elements that
control initiation of transcription such as a promoter; (3)
DNA elements that control the processing of transcripts such
as introns, transcription termination/polyadenylation
sequence; and (4) a gene of interest that is operatively linked
to the DNA elements to control transcription initiation. The
expression vector used may be one capable of autonomously
replicating in the host cell or capable of integrating into the
chromosome, originally containing a promoter at a site
enabling transcription of the linked gene.

The invention will be described by the following non-
limiting example.

Example 1

Materials and Methods

Strains and growth conditions. The cell wall-less dw15-1
(ew13, nitl, mt*) strain of Chlamydomonas reinhardtii was
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obtained from A. Grossman and is referred to as the wild-type
(with regard to PGD1) parental strain throughout. This strain
was crossed to CC-198 (er-u-37, str-u-2-60, mt~; Chlamy-
domonas Resource Center; http://www.chlamycollection.
org) for genetic analysis. Cells were grown in Tris-acetate-
phosphate (TAP) medium (20 mM Tris, 0.1 g/ MgSO, 7H,O
(0.4 mM), 0.05 g/L CaCl, 2H,0 (0.34 mM), 10 mL/L glacial
acetic acid, 10 mM NH,CI, 1 mM phosphate and trace ele-
ments (Harris 1989)) under continuous light (70-80 pmol m-2
s-1) at 22° C. or ambient room temperature (about 22° C.) for
solid media, which contained 1.5% agar. Ammonium chlo-
ride was omitted from N-depleted (TAP-N) medium. To
induce TAG biosynthesis, cells were collected by centrifuga-
tion (3000xg, 4° C., 3 minutes), washed twice with TAP-N
and finally resuspended in TAP-N of the same volume. For
spotting on TAP-N agar, approximately 10° cells from a log-
phase culture were concentrated in 5 plL..

Primary Mutant Screen.

Plasmid disruption was used to generate mutants of the
wild-type parental strain dw15-1. Transformation using glass
beads was performed as previously described (Kindle 1990)
using the pHyg3 plasmid conferring resistance to Hygromy-
cin B (Berthold et al. 2002). The plasmid was linearized with
Ndel (all the restriction endonucleases were purchased from
New England Biolabs, http://www.neb.com). After 8 hours of
recovery, cells were spread onto agar-solidified TAP medium
containing 10 ng/ml. Hygromycin B. Colonies were picked
into 96-well plates with 1.1 mLTAP medium and grown for
three days. For N deprivation and induction of TAG biosyn-
thesis, small culture droplets (about 3 ul.) were transferred
with a 48-pin replicator to inoculate a new 96-well plate
containing TAP medium containing 0.5 mM ammonium
chloride and grown for 6-7 days under continuous light (70-
80 umol m-2 s-1) at ambient room temperature (about 22°
C.). For normalization within a 96-well plate, chlorophyll
fluorescence was used. For this purpose 100 uL of N-deprived
cells were transferred to a black 96-well plate (Black Flat
Bottom Polystyrene NBS™ Microplate 3991, Corning,
http://www.corning.com) and read at 455 nm excitation with
an emission filter cut off >685 nm using a FL.UOstar Optima
96-well plate reader (BMG Labtech, http://www.b-
mglabtech.com). In the same plate to visualize neutral lipids,
100 pLL Nile-Red (Sigma-Aldrich; http://www.sigmaaldrich.
com) stock solution (5 pg/mL in 10% methanol containing
0.04% Triton X-100) was added. The wavelength settings for
Nile-Red fluorescence were 455 nm for excitation and 550-
560 nm for emission. A background reading for this filter set
was obtained prior to the addition of Nile-Red (cells only) and
subtracted. The neutral lipid-specific signal was calculated as
[(Nile-Red fluorescence—background fluorescence)/chloro-
phyll fluorescence]. To identify outliers in individual 96 plate
sets, the Median Absolute Deviation (MAD) was determined
as [1.482x medianxlindividual value-medianl]| according to
(Rousseeuw and Croux 1993) and the z-score was calculated
as [(individual value-median)/MAD)] as previously described
for another mutant screen (Lu et al. 2008). The threshold for
the z-score was set at +/-3.

Genetic Analysis.

In preparation for crossing, the pgd1 mutant in the dw15-1
background and CC-198 were separately grown for five days
on TAP with 4 g/ yeast extract, transterred with a sterile loop
to TAP agar with 10% the normal concentration of N for two
days, and then suspended at high density in test tubes with
sterile water and placed on a shaker overnight. On the follow-
ing day, the two cell types were combined using 0.5 mL
aliquots, removed after 2-3 hours of mating and plated onto
TAP medium completely lacking N and solidified with 4%
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agar. After one day in the light, the zygote plates were moved
to the dark. Five days after mating, zygospores were sampled
as described by Harris (Harris 1989). On the day following
transfer of the zygospores to normal TAP solidified with 2%
agar, meiotic progeny were identified under a dissecting
microscope and separated with a glass needle. After 7 days,
the colonies were sufficiently large to transfer to nonselective
media for subsequent replica-plating.

DNA and RNA Techniques.

Genomic DNA of Chlamydomonas was prepared accord-
ing to (Newman et al. 1990). For Southern blotting, genomic
DNA was digested with BamHI and resolved by agarose gel
electrophoresis (10 pg DNA per lane). DNA was transferred
to a nylon membrane (Amersham Hybond N+, GE Health-
care, http://www.gelifesciences.com) and fixed under ultra-
violet light. Digoxigenin (DIG) labeling of the probe, DNA
transfer, and signal detection were performed using a kit from
Roche (http://www.roche.com) following the manufacturer’s
instructions. The probe was generated through PCR amplifi-
cation of a 234 bp region within the hygromycin B resistance
cassette with primers SF and SR (all primer sequences can be
found in Table 1).

For genotyping and “SiteFinding” PCR (Tan, G. H. et al.
2005), Taq polymerase (Invitrogen, http:/www.invitrogen.
com) was used. For genotyping, the PCR conditions were
according to the protocol provided by Invitrogen with primers
F1, S2-1, and R. SiteFinding PCR was conducted according
to (Tan, G. H. et al. 2005) with minor modifications and with
primers optimized for the pHyg3 plasmid. The primers used
for finding the insertion in PGD1 were: SiteFinder6 in com-
bination with S1-1 and S1-2, SiteFinder8 in combination with
S2-1 and S2-2. In addition, nested primers SFP1 and SFP2
were used for both combinations.

RNA was isolated using the RNeasy Plant Mini Kit
(Qiagen, http://www.qiagen.com) according to the manufac-
turer’s instructions. To obtain cDNA as the template for
RTPCR, RNA was subjected to reverse transcription with
Superscript I reverse transcriptase (Invitrogen). For real-
time PCR, the commonly used reference gene RACK1 was
employed for normalization using previously reported prim-
ers (Chang et al. 2005). Primers used for PGD1 were qF and
qR. Data were analyzed with the 2(-AAC(T)) method (Livak
and Schmittgen 2001).

TABLE 1

Oligonucleotide primers used in this study.
All primer sequences are written in

5' to 3' direction.
Name Sequence
SF ACCAACATCTTCGTGGACCT (SEQ ID NO: 4)
SR CTCCTCGAACACCTCGAAGT (SEQ ID NO: 5)
SiteFinderé CACGACACGCTACTCAACACACCACCTCGCACAGCGTCCT
CAAGCGGCCGCNNNNNNGCAT (SEQ ID NO: 6)
SiteFinder8 CACGACACGCTACTCAACACACCACCTCGCACAGCGTCC
TCAAGCGGCCGCNNNNNNGCAG (SEQ ID NO: 7)
SFP1 CACGACACGCTACTCAACAC (SEQ ID NO: 8
SFP2 ACTCAACACACCACCTCGCACAGC
(SEQ ID NO: 9)
S1-1 ACTGCTCGCCTTCACCTTCC (SEQ ID NO: 10)
S1-2 CTGGATCTCTCCGGCTTCAC (SEQ ID NO: 11)
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TABLE 1-continued

Oligonucleotide primers used in this study.
All primer sequences are written in

5' to 3' direction.

Name Sequence
s2-1 ATAGGGGTTCCGCGCACAT (SEQ ID NO: 12)
52-2 CCGAARAGTGCCACCTGAC (SEQ ID NO: 13)
53 GTCATCCCATGGAAGCTTGE (SEQ ID NO: 14)
F1l ACATCGTGAATGGCAAAACA (SEQ ID NO: 15)
R ATTGCGCGGGTTTAGAACTT (SEQ ID NO: 16)
gF AGCCAGCTATTGTCGCACTT (SEQ ID NO: 17)
gR CAAGAAATCCGCTGACATCC (SEQ ID NO: 18)
CF1 TATCCATATGACGTTCCAGATTACGCTGCTCAGTGCGGCC

GCATGAGCCAGCTATTGTCG (SEQ ID NO: 19)
CR1 GAATTTCGACGGTATCGGGGEGGATCCACTAGTTCTAG

CTAGATCACCGGCAGGCGTGTGE

(SEQ ID NO: 20)
CF2 GGATCCGATGAGCCAGCTATTGTCG

(SEQ ID NO: 21)
CR2 GTCGACCCEGECAGGCATGTEEGTC

(SEQ ID NO: 22)
CF3 AAAGAGGCGCGTCATGAGCCAGCTATTGTCG

(SEQ ID NO: 23)
CR3 CGGAAGGCGCETCACCGGCAGGCATGTGE

(SEQ ID NO: 24)

N indicates a random nucleotide.

For expression of PGDI1 in E. coli, cDNA was originally
amplified with primers CF1 and CR1 using the Failsafe PCR
Kit from Epicentre (http://www.epibio.com). The PCR prod-
uct was then integrated into the Notl-linearized yeast vector
pMKS595 (Luo et al. 2010) by homologous recombination in
Saccharomyces cerevisiae (Ma et al. 1987). The fusion plas-
mid was recovered by transforming . coli with yeast DNA
extract and designated pX1.1238. This plasmid was then used
as a template for PCR using primers CF2 and CR2 and Phu-
sion polymerase (New England Biolabs) to generate a frag-
ment with BamHI and Sall sites. The PCR product was
ligated into pCR-Blunt (Invitrogen) and cut out with BamHI
and Sall. This fragment was ligated into pLWO1-DsRed (Lu
and Benning 2009) to generate plasmid pX[.1256. pX1.1256
was sequenced and mutations were found. The mutated
region was removed by restriction digestion and the remain-
ing backbone was ligated with digested RT-PCR product of
that region to obtain plasmid pX[.1262. Another PCR was
performed to amplify PGD1 ¢DNA from pX[.1262 using
primers CF3 and CR3. PCR product and an expression vector
pMK1006 (provided by M.-H. Kuo) were combined using a
ligation independent cloning procedure (Aslanidis and de
Jong 1990) and sequenced for confirmation. In this plasmid,
PGD1 expression was under the control of a T7 promoter and
the resulting fusion protein was N-terminally tagged with
poly-histidine.

Mutant Complementation.

A co-transformation protocol was used to introduce wild-
type sequences into the pgdl mutant in the dw15-1 (nit-)
background. Plasmid pMN24 (Fernandez et al. 1989) con-
taining the Chlamydomonas nitrate reductase gene NIT1 as
selection marker was digested with BamHI and used for glass
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bead transformation of the pgd1 mutant. A bacterial artificial
chromosome (BAC) SE6 containing wild-type genomic DNA
was obtained from the Clemson University Genomics Insti-
tute (http://www.genome.clemson.edu), and was digested
with Kpnl and Asel to excise a 9.5 kb fragment containing the
PGD1 genomic DNA. In each transformation, 0.25 pg linear-
ized pMN24 and 0.3 pg gel purified BAC fragment were used.
TAP plates containing 0.5 mM nitrate instead of 10 mM
ammonium were used for selection. The nitrate served ini-
tially as the nitrogen source and the low concentration led
eventually to conditions of N deprivation and chlorosis of the
pgdl mutant but not complemented lines or the wild-type
parental control. After transformation of pgdl with pMN24,
colonies from non-complemented lines formed and bleached
within approximately three weeks when grown under con-
tinuous light (70-80 umol m-2 s-1) at ambient room tempera-
ture (about 22° C.). Complemented lines forming green colo-
nies were re-streaked and maintained on agar-solidified TAP
medium with 10 mM nitrate as the sole N source to avoid
growth of potentially contaminating non-transformed cells.

Lipid Analysis and Pulse-Chase Labeling.

Lipid extraction, thin-layer chromatography (TLC) of neu-
tral lipids, transesterification and gas-liquid chromatography
were done according to (Moellering and Benning 2010).
Briefly, lipids were extracted from cell pellets with methanol,
chloroform, 88% formic acid (2:1:0.1 by volume). To the
extract 0.5 volume of 1M KCl, 0.2 M H3PO4 was added,
mixed and phases were separated by low speed centrifuga-
tion. For TAG quantification, lipids were resolved by TLC on
Silica G60 plates (EMD chemicals, #5721-7, http://www.em-
dchemicals.com) developed in petroleum ether-diethyl ether-
acetic acid (80:20:1 by volume). Polar lipids were separated
on the same plate using chloroform-methanol-acetic acid-
H,0 (75:13:9:3 by volume) as solvent. To analyze lyso-gly-
colipids during for the PGD1 assay, acetone-toluene-H,O
(91:30:7.5 by volume) was used, instead. Brief exposure to
iodine vapor was employed for visualization of lipids. Trans-
esterification of each lipid and separation of fatty acid methyl
esters by GLC were as previously described (Rossak et al.
1997). Transesterification was conducted on pellets with a
known number of cells to determine the cellular total fatty
acid content. Staining with a-naphtol (Benning et al. 1995)
was used for the PGD1 assay to detect galactoglycerolipids.

For pulse-chase labeling experiments, cells were grown to
log phase in TAP medium and either used directly (FIG. 12),
or transferred to TAP-N medium and grown for 12 hours to
induce N deprivation. Cells were harvested and resuspended
at a concentration of 3-8x10® per mL either in modified TAP
(FIG. 12) or TAP-N medium (FIG. 6 and FIG. 13) containing
6 mM acetate (normal TAP contains 17.5 mM). To these
cultures [**C-U]-acetate (specific activity 45-60 mCi/mmol;
Perkin Elmer, http:/www.perkinelmer.com) was added to
provide 1 uCi/mL. In a typical experiment after 1-4 hours of
incubation in the light 20-40% of the labeled acetate was
incorporated as determined by liquid scintillation counting.
At the end of the pulse labeling phase, cells were centrifuged
and washed to remove the labeled acetate, and cells were
resuspended in TAP-N containing the normal amount of
acetate to initiate the chase phase. Lipid extracts were pre-
pared as described above, split in half, and analyzed for polar
lipids DGTS, PtdEtn, MGDG, DGDG, PtdGro, and a mixture
of SQDG and PtdlIns, which could not be individually ana-
lyzed due to their low total amount in this experiment. Mate-
rial at the origin of the TL.C was also analyzed and included.
The other half of the sample was analyzed for non-polar lipids
DAG and TAG. Lipids were isolated from the TL.C plates and
incorporation of label into each lipid was quantified by scin-
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tillation counting. These lipid fractions were summed up and
percentages for each lipid fraction were calculated.

Recombinant Protein Production and PGD 1 Assay.

BL21 (codon+) E. coli strains harboring the empty
pMK1006 vector or the pMK1006-PGD1 construct were
grown to log phase at 37° C. Isopropyl-p-D-thiogalactopyra-
noside was added to the final concentration of 0.5 mM to
induce protein production. Cells were harvested after 3 hours
of induction. To extract proteins, cells were resuspended in
lysis buffer (20 mM Tris-HCl, pH 7.9, 10% glycerol, 150 mM
NaCl, 1 mM dithiothreitol). The mixture was then frozen in
liquid nitrogen and thawed at room temperature for three
cycles and sonicated to lyse cells. Lysates were centrifuged at
21,000xg for 15 minutes to obtain inclusion bodies. Inclusion
bodies were washed with 5 mI./g wash buffer (4 M urea, 0.5
M NaCl, 1 mM EDTA, 1 mg/ml sodium deoxycholate, 50
mM Tris-Cl pH 8.0) twice and denatured with solubilization
buffer (8 M urea, 50 mM Tris-Cl pH 8.0, 10 mM dithiothrei-
tol) by incubation at 50° C. for 20 min. Supernatant was
collected after centrifugation at 21,000xg for 30 minutes and
subjected to Ni-NTA affinity purification as described before
(Lu and Benning 2009). His-tagged PGD1 protein was eluted
with solubilization buffer containing 200 mM imidazole. Ali-
quots of purified proteins were diluted in 15 different buffers
of'the QuickFold Kit (AthenaES http://www.athenaes.con/),
assayed for lipase activity, and 40x dilution into protein
refolding buffer (50 mM Tris-Cl pH 8.5, 9.6 mM NaCl, 0.4
mM KCl, 1 mM EDTA, 0.5 M arginine, 0.75 M Guanidine-
HCl, 0.05% polyethylene glycol 3350, 1 mM dithiothreitol)
was found to be optimal for PGD1. After 1 hour incubation at
4° C., proteins were aliquoted and kept frozen at —80° C.
Protein concentration was determined with Bio-Rad Protein
Assay Dye Reagent Concentrate (http://www.bio-rad.com)
according to the manufacturer’s instructions.

To prepare lipid substrates from Chlamydomonas or E. coli
cells, lipids were extracted from 48 hours N-deprived
Chlamydomonas cells or IPTG induced E. coli cells express-
ing cucumber MGDG synthase (Shimojima et al. 1997) and
resolved by polar TLC. Corresponding bands were isolated
and lipids were recovered from silica gel by extraction with
chloroform-methanol (1:1 by volume). For each PGD1 reac-
tion, 75 nmol lipid substrates extracted from Chlamydomo-
nas, or E. coli cells expressing the cucumber MGDG synthase
were used. The organic solvent was removed under an N2
stream and the lipids were resuspended in 350 ul. 0.1M
phosphate saline buffer (PBS; pH 7.4) with 4.28 mM Triton
X-100 and dispersed by sonication (Sonicator 3000 with
microprobe, Misonix, http:/www.misonix.com) for 6x10 s
(power setting 1.5) on ice. Then 100 ul, additional PBS was
added. Per assay 10 ng refolded PGD1 protein (quantified as
stated above) in 50 pL. protein refolding buffer was added. As
a negative control, 50 uL. protein refolding buffer only was
added. The PGD1 refolding buffer inhibited Rkizopus lipase
(Sigma-Aldrich). Therefore, 10 pg lipase dissolved in 50 pl.
PBS instead of protein refolding buffer was used unless oth-
erwise noticed. Dithiothreitol was added to a final concentra-
tion of 1 mM from a freshly prepared stock solution. The
mixture was sonicated again for 5 seconds and incubated at
ambient temperature (~22° C.). After 6 hours incubation (3
hours for Rhizopus lipase to prevent potential loss of lyso-
lipid standards), reactions were stopped by the addition of 1
ml solvent used for lipid extraction, and lipid extracts were
analyzed by TLC described above. For gas chromatograms on
free fatty acids and lyso-MGDG generated by PGD1, 9 hours
was used to obtain more prominent signals. To measure the
velocity of MGDG hydrolysis, reactions were quenched after
3 hours of incubation.
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Positional Analysis of TAG.

Positional analysis of TAG was performed with Rhizopus
lipase using a similar procedure as described above. Briefly,
lipids were extracted from 48 hours N-deprived Chlamy-
domonas cells and resolved by neutral TLC. TAG was
extracted from silica gel with chloroform-methanol (1:1 by
volume) as above. Approximately 10 ug was dried under an
N2 stream and resuspended in PBS containing Triton X-100
as above. Rhizopus lipase was dissolved in PBS and 20 ug was
added to the emulsified TAG preparation. Lipids were
extracted from the reaction mixtures and resolved by neutral
lipid TL.C (described above). Free fatty acids and monoacylg-
lycerol spots were scraped for transesterification as above.
Background levels of fatty acids carried over with Rhizopus
lipase were estimated in a control reaction without substrate
lipid supplied, and subtracted from the free fatty acids data
obtained with substrate.

Chlorophyll, Viability and TBARS Analyses.

Chlorophylls were extracted from fresh cell pellets with
80% acetone and concentrations were calculated from the
absorbance values at 647 nm and 664 nm according to (Zieger
and Egle 1965). To assess cell viability, cells were grown in
liquid cultures of TAP or TAP-N. On days 0, 2, 4, and 7 a set
volume of culture was diluted and spread onto agar-solidified
TAP medium supplemented with 0.4% yeast extract. Colony
forming units were counted one week later. Cells from a
second aliquot were fixed in 3.7% formaldehyde (in water)
and counted using a hemocytometer under a microscope.
Viability percentages (colonies formed per total cells counted
each day) were normalized to the values on day 0. TBARS
were prepared by extraction with thiobarbituric acid/trichlo-
roacetic acid solution (0.3% and 3.9% respectively) and
determined by measuring absorbance at 532 nm as previously
described (Baroli et al. 2003). The extinction coefficient used
was 155 mM~ em™.

Results

Isolation of TAG Mutants.

To generate Chlamydomonas mutants with altered TAG
content, random, insertional gene-disruption was conducted
by introducing a linearized pHyg3 plasmid (Berthold et al.
2002) into the cell wall-less Chlamydomonas strain dw15-1,
which is referred to as the parental wild-type strain (because
it is wild-type with regard to its lipid content and synthesis).
Hygromycin B-resistant transgenic lines were picked into a
96-well plate and induced for TAG accumulation by transfer
to low-N medium. During the primary screen, Nile-Red fluo-
rescence-staining of neutral lipids (Chen et al. 2011, Kimura
et al. 2004) was used to monitor neutral lipids in a high-
throughput mode using a 96-well plate reader. Putative
mutants differing in Nile-Red fluorescence from the wild-
type parental strain based on statistical criteria as defined
under Materials and Methods were reanalyzed by extracting
lipids, separating them by thin-layer chromatography (TLC),
followed by quantification of TAG-derived fatty acid methy-
lesters by gas liquid chromatography (GLC). Of 34,000 inde-
pendent transgenic lines generated, 80 were initially found to
exhibit an altered Nile-Red fluorescence intensity, of which
six mutants with robust and reproducible changes in TAG
levels were eventually isolated. The focus here is on the
characterization of one of the low-TAG mutants, initially
designated line E12. After in-depth analysis it was renamed
plastid galactoglycerolipid degradation 1 (pgdl), the desig-
nation used from here on.

the Pgd1 Mutant has Reduced TAG and Becomes Chlorotic
Following N Deprivation.

Over the course of three days following N deprivation the
pgdl mutant showed an approximately 50% reduction in the
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ratio of fatty acids in TAG over total fatty acids in the lipid
extract, a parameter that allows a robust comparison of rela-
tive TAG content between different lines, in this case pgdl
and the wild-type parental strain dw15-1 (FIG. 1A). Because
non-homologous integration of linearized plasmids into the
Chlamydomonas genome can potentially occur multiple
times in a single line, genetic linkage of the Hygromycin B
resistance and the lipid phenotype were examined to confirm
insertional tagging of the gene responsible for the lipid phe-
notype, a prerequisite for subsequent gene identification.
Towards this end, the pgd1 mutant was crossed with CC-198,
acell-walled strain (mating type-) and close relative of dw15-
1, which is mating type+ and the wild-type parental strain of
pgdl. Strains CC-198 and dw15-1 were compared for their
lipid composition, but did not show major differences in TAG
content. The ratio of fatty acids in TAG over total fatty acids
in extracts was 0.46+0.04 for dwl5-1 and 0.51+0.04 for
CC-198. A total of 83 meiotic progeny lines were analyzed, of
which 40 were resistant and 43 sensitive to Hygromycin B.
The observed ratio approached the hypothetical 2:2 segrega-
tion ratio suggesting a single plasmid insertion in the genome,
although the statistical limitations of the experiment would
allow for multiple, but very tightly linked, plasmid insertions.
Lipid analysis was performed on 14 progeny lines (FIG. 1B)
and the results were compared to the wild-type parental strain
and pgdl. The TAG fatty acid over total fatty acid ratio of the
eight Hygromycin B sensitive lines was similar to that of the
parental strain, while the six resistant lines showed a ratio
similar to that of the original pgd1 mutant. Thus, the Hygro-
mycin B resistance marker appeared to be closely linked to
the mutation causing the lipid phenotype.

In addition to TAG deficiency, pgdl cells gradually devel-
oped chlorosis and fully bleached over the course of 12 days
following N depletion (FIG. 1C), which was accompanied by
reduced cell viability (see below). However, in N-replete
medium there was no discernible difference in growth
between the wild-type parental strain and pgdl (FIG. 10).
Thus, the ability to produce or maintain TAG seems to be
required for the long-term viability of the cells following N
deprivation, which provides a clue towards a physiological
role of TAG accumulation under nutrient stress that will be
further explored below.

The Pgdl Lipid Phenotype is Caused by Disruption of a
Putative Lipase Gene.

To identify the plasmid insertion site, “SiteFinding” PCR
(polymerase chain reaction) (Tan et al. 2005) was employed.
Random primers combined with primers annealing to the
positive strand of the Hygromycin B resistance gene (aph7")
on the pHyg3 plasmid (FIG. 2A, primer S1) generated two
partial pHyg3 plasmid sequences present in opposite orien-
tations as depicted in FIG. 2A, but no bona fide genomic
flanking DNA. Probing a Southern blot of BamHI-digested
pgdl genomic DNA with a pHyg3 fragment as indicated in
FIG. 2A, two signals were observed (FIG. 2B), while only
one would be expected for a single insertion due to the pres-
ence ofasingle BamHI site in pHyg3. However, probing pgdl
genomic DNA double-digested with Pstl (no site in pHyg3)
and Xhol (single site in pHyg3) with the same probe, a single
band was present (FIG. 2B). Together, these data suggested
that two pHyg3 fragments were present in opposite orienta-
tions at the pgdl locus. No true signal was obtained from
genomic DNA of the wild-type parental strain (FIG. 2B).

Through “SiteFinding” PCR with plasmid-specific, nested
primers S2-1 and S2-2 complementary to the other end of
pHyg3 (FIG. 2A, S2), a flanking genomic DNA (to the right
side of the insertion as shown in FIG. 2A) was amplified.
Sequencing indicated that one end of the insertion bordered
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sequences within the predicted untranslated region of a gene
previously annotated as CGLD15 (Conserved in Green Lin-
eage and Diatoms 15; Chlamydomonas v5.3 genome in the
Phytozome database, http://www.phytozome.net/) on chro-
mosome 3 (position 6320421-6327099; gene locus
Cre03.g193500) (Merchant et al. 2007), which we designated
PGD1 based on functional analysis presented below. A con-
served catalytic triad of Ser-Asp-His was predicted for the
translated protein sequence of this gene, which is a typical
motif for hydrolases such as lipases (acyl hydrolases). The
flanking genomic sequence on the left side of the insertion
(refer to FIG. 2A) was obtained by PCR with primers F1 and
S3 (FIG. 2A). Sequence analysis of this fragment showed that
the insertion was accompanied by the deletion of 14 bp of
genomic sequence that is unlikely to affect the neighboring
gene 5' to PGD1. Based on these analyses, PGD1 was con-
sidered the most likely affected gene in the pgdl mutant
responsible for the observed lipid phenotype.

Insertions into the promoter or untranslated region of
PGD1 were expected to affect gene expression. Quantifying
PGDI1 transcript levels by real-time PCR (FIG. 2C) showed
greatly reduced expression of this gene in the pgdl mutant.
The real time PCR results also confirmed the increased
expression of the PGD1 gene in the wild-type parental strain
following N deprivation previously observed during global
transcript analysis (Miller et al. 2010). The up-regulation of
PGD1 expression following N deprivation in parallel with
TAG accumulation suggested that the gene product might
play a role in TAG biosynthesis.

To independently confirm that the phenotypes of the pgdl
mutant were indeed caused by the insertion into PGDI1
described above, complementation analysis with a PGD1-
containing fragment from the bacterial artificial chromosome
(BAC) clone, SE6 (Grossman et al. 2003), was conducted.
The fragment used for transformation contained 2 kb 5'and 1
kb 3' of the predicted PGD1 gene and was devoid of other
predicted open reading frames. The pMN24 plasmid (Fernan-
dez et al. 1989) containing the NIT1 gene encoding nitrate
reductase was used in a co-transformation experiment for
selection on agar plates with nitrate as the N source. (Note, the
parental wild-type strain dwl15-1 as well as pgdl carry a
mutation in the genomic NIT1 gene). To screen for DNA
fragments rescuing the observed chlorosis phenotype of pgd1
on N-limited medium, we developed a “Single Step N Dep-
rivation-Colony Color Screen” method. Agar plates contain-
ing 0.5 mM instead of 10 mM nitrate were used for selection
allowing colonies to form, which then became N-deprived as
nitrate was depleted. Under these conditions, pgd]l mutant
colonies turned from green to white within three weeks while
colonies of the wild-type parental strain or pgdl colonies
harboring an introduced wild-type copy of the PGD1 gene
were expected to remain green (FIG. 3A). When the PGD1
genomic fragment was co-transformed with the NIT1 marker,
approximately 5-10% colonies remained green. This fre-
quency is at the lower end of the range for previously reported
co-transformation efficiencies (Kindle 1990). Eight colonies
scored as green and another eight colonies scored as white
were chosen and the phenotype was confirmed by spotting
cells onto —N agar plates (FIG. 3B). Genotyping was per-
formed on the junction of the plasmid insertion to confirm the
presence of the gene disruption typical for the pgdl mutant
(FIG. 3C). Primers F1 and R were expected to give a signal
specific for PGD1 either in the genome or introduced through
the fragment, while primers S2-1 and R were expected to give
a signal specific for pgdl. According to this reasoning, seven
of the eight green lines (G1-G7) and one of the white lines
(W4) contained the wild-type PGD1 gene (FIG. 3C). The
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presence of a signal from a combination of S2-1 and R indica-
tive of the presence of the pgdl background ruled out con-
tamination by the parental strain. It seems likely that in outlier
G8 a secondary mutation caused the observed suppressor
phenotype and in outlier line W4 the introduced PGD1 gene
was either mutated, not adequately expressed, or silenced.
Quantitative lipid analysis of three green colony-forming
lines (G1-3) showed that they regained their ability to accu-
mulate TAGs to similar levels as the parental strain (FIG. 3D).

Extraplastidic Lipids of Pgd1 are Affected in a Consistent
Way.

The fact that disrupting PGD1 led to lower TAG content
argues against its gene product’s role as a TAG lipase,
because decreased TAG lipase activity in the mutant would be
expected to increase TAG content. An alternative hypothesis
was that PGD1 releases acyl groups from membrane lipids.
The activation of the released fatty acids by formation of
acyl-CoAs would then make them available for TAG synthe-
sis. To identify the lipid substrates for such a presumed lipase,
the abundant membrane lipids DGTS, phosphatidylethanola-
mine (PtdEtn), monogalactosyldiacylglycerol (MGDG),
digalactosyldiacylglycerol (DGDG), phosphatidylglycerol
(PtdGro), sulfoquinovosyldiacylglycerol (SQDG), and phos-
phatidylinositol (PtdIns) were analyzed in the wild-type
parental strain and pgd1 grown on N-replete and N-depleted
medium for 48 hours (FIG. 4A). The relative fraction of
DGDG increased following N deprivation as recently
reported (Fan et al. 2011). However, no statistically signifi-
cant difference between the relative amounts of the respective
membrane lipid classes for the wild-type parental strain and
the pgd1 mutant was observed.

Although relative amounts of membrane lipid classes were
not altered under the growth conditions used, it seemed pos-
sible that specific molecular species within each lipid class
represented by differences in the respective acyl group sub-
stituents were altered in the mutant. For example, changes in
fatty acid profiles of glycerolipids have been diagnostic in
determining whether the ER or plastid pathways of lipid
assembly were affected in the respective mutants of Arabi-
dopsis (Kunst et al. 1988, Xu et al. 2003). Overall the
decreased TAG content in pgdl was reflected by a reduced
total amount of fatty acids per cell (FIG. 4C), raising the
question of whether specific TAG molecular species were
missing in pgdl consistent with the disruption of one of
several hypothetical TAG assembly pathways. Indeed, the
total fatty acid profile of pdgl was altered. Most prominently
the relative fraction of oleate (18:14°; number of carbons:
number of double bonds and position of double bonds from
the carboxyl end) was reduced (FIG. 4B). Following N dep-
rivation the wild-type parental strain showed an increase in
the relative amount of oleate that was not observed for pgdl,
while the acyl composition of pgdl was indistinguishable
from that of the parental strain under N-replete growth con-
ditions (FIG. 4B). When the fatty acyl group profile of indi-
vidual lipids following N deprivation was examined, a
decrease in oleate was observed for pgdl not only in TAG
(FIG. 4D), but also in DGTS (FIG. 11A) and PtdEtn (FIG.
11B). The latter two are presumed to be extraplastidic mem-
brane lipids (Giroud et al. 1988, Giroud and Eichenberger
1989), while the exclusive location of TAG in cytosolic lipid
droplets has recently been questioned (Fan et al. 2011, Good-
son et al. 2011). Oleate accounts for approximately 25% of
the acyl groups in TAG, but only up to 10% in DGTS or
PtdEtn explaining why a loss of a specific molecular species
containing this fatty acid has more drastic effects on overall
TAG content than on that of DGTS and PtdEtn. The plastid
lipids MGDG (FIG. 11C), DGDG (FIG. 11D), and PtdGro
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(FIG. 11E), were not altered in their acyl composition. As
apparently only extraplastidic lipids are affected in the pgdl
mutant, it seems possible that PGD 1 activity affects the
export of acyl groups from the plastid or the assembly of
extraplastidic lipids, assuming that the fraction of TAG miss-
ing in pgd1 is extraplastidic.

Oleate is Decreased in the sn-1 and sn-3 Position of TAGs
in pgdl.

To gain more information on the origin of the diacylglyc-
erol moiety for TAG biosynthesis and possible role of oleate
(18:1%°) in limiting TAG biosynthesis in pgdl, positional
analysis of TAG acyl groups was conducted with Rhizopus
arrhizus lipase. Rhizopus lipase specifically hydrolyzes the
sn-1 position of membrane glycerolipids or the sn-1/sn-3
positions of TAG and is frequently used for the positional
analysis of acyl groups in glycerolipids (Fischer et al. 1973,
Siebertz and Heinz 1977). Consistent with previous observa-
tions (Fan et al. 2011), the sn-2 position of TAG is mostly
composed of C16 acyl groups while sn-1/sn-3 positions con-
tain both C16 and C18 acyl groups (FIG. 5). While a decrease
in oleate in the sn-1 or sn-3 position was obvious, the method
did not allow us to distinguish between the two positions. For
sn-1/sn-3, the relative contents of 18:4, 18:3°% and 18:14%!
were 2-fold higher in the pgd1 mutant than in the wild-type
parental strain (FIG. 5A). This was also seen in the total
composition of all TAG acyl groups (FIG. 4D). Interestingly,
18:4 and 18:3°% are mostly found in the extraplastidic lipids
DGTS (FIG. 11A) and PtdEtn (FIG. 11B). Vaccenic acid
(18:14'1)is produced through elongation 0of 16:149, at least in
plants (Nguyen et al. 2010), and is presumed to be extraplas-
tidic. In view of an approximate 50% reduction of TAG in the
pgdl mutant, the 2-fold relative increase in these three fatty
acids suggests that the supply of TAG precursors from extra-
plastidic lipid turnover is not affected.

Precursor Fluxes from Plastid Lipids to TAG are Reduced
in pgdl.

The analysis described above can only provide a static
picture of lipid composition. However, the defectin a putative
lipase-encoding gene in the pgd1 mutant suggested that lipid
remodeling or turnover might play a role in TAG accumula-
tion in Chlamydomonas following N deprivation. To observe
possible changes in the dynamics of lipid metabolism in the
pgdl mutant, we employed pulse-chase labeling of mem-
brane lipids using [**C]-acetate which can be converted eas-
ily to precursors of fatty acid biosynthesis in plastids. The
labeling pulse was provided either before (150 min pulse
duration, FIG. 12) or during N deprivation (200 min pulse
duration initiated 12 hours after the start of N deprivation,
FIG. 6 and FIG. 13). Lipids were extracted as indicated and
fractions of label incorporation into major lipids during the
chase stage were calculated. The difference in the incorpora-
tion of label into TAG between the wild-type parental strain
and pgdl was more prominent when the labeling pulse was
applied during N deprivation (FIG. 6) compared to its appli-
cation prior to N deprivation (FIG. 12). This observation
suggested that exchange of de novo synthesized acyl groups
through the membrane lipid pool into TAGs during N depri-
vation might involve PGDI, rather than the conversion of
preexisting membrane lipids formed under N-replete condi-
tions to TAGs. When the pulse was applied following N
deprivation, plastid lipids, especially galactoglycerolipids,
were rapidly labeled (FIG. 6). Conditions were chosen such
that the total label in the lipid extract during the chase phase
remained approximately the same. In the wild-type parental
strain, an increase of label in TAG was observed in parallel
with a decrease of label in membrane lipids suggesting the
incorporation of acyl or diacylglyceryl groups derived from
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membrane lipids into TAGs. After 25 hours of chase the label
remaining in membrane lipids was lower than that in TAGs.
This situation was reversed in the pgd1 mutant. In particular
the fraction of label in the two galactoglycerolipids DGDG
and MGDG remained much higher in pgd1. Because MGDG
is its precursor, DGDG was labeled with some delay. In fact,
it was the most highly labeled lipid in the pgdl mutant
extracts presumably because the transfer of labeled acyl or
diacylglyceryl groups from MGDG into TAGs was disrupted
in the mutant. When the pulse was applied prior to N depri-
vation (FIG. 12), MGDG was the most highly labeled lipid
reflecting the fact that it is also the most abundant lipid under
N-replete conditions, when TAG biosynthesis is repressed.
Apparently, following N deprivation, de novo synthesized
acyl groups in the plastid are incorporated first into plastid
membrane lipids, in particular MGDG, prior to becoming
incorporated into TAGs, and the incorporation of acyl groups
into TAG seems to require PGD1. Thus MGDG serves as
precursor for a fraction of acyl or diacylglycerol groups, those
containing oleic acid (see FIG. 4), incorporated into TAGs
following N deprivation. This process is disrupted in the
mutant and more MGDG is converted to DGDG instead of
TAG. While PtdGro was rapidly turned over, the rates of
turnover remained approximately the same in the pgdl
mutant and the wild type (FIG. 13). Based on these data we
concluded that PGD1 might be a galactoglycerolipid lipase
prompting us to tentatively name the gene Plastid Galac-
toglycerolipid Degradation 1 (PGD1).

PGD1 Hydrolyzes Acyl Groups of MGDG with a Prefer-
ence for the Sn-1 Position.

To more directly determine the biochemical activity of
PGD1, we produced the recombinant protein in E. coli. The
recombinant protein was affinity-purified from denatured
inclusion bodies (FIG. 7A), renatured, and offered various
substrate lipids in a lipase activity assay. To control for spon-
taneous lipid hydrolysis or lyso-lipid contamination we
assayed the protein refolding buffer without proteins. As a
positive control we assayed Rhizopus lipase. We employed
MGDGs of different molecular composition as substrates to
determine the enzyme’s preference. “Mature” MGDG was
isolated from Chlamydomonas cells, which predominantly
contains molecular species 18:3/16:4 (sn-1 I sn-2). Using this
substrate, the lyso-MGDG product that was generated was
rather faint (FIG. 7B). By analyzing the different fractions,
we found that in the remaining MGDG after PGD1 hydroly-
sis, the 16:0 and 18:1%° acyl groups selectively disappeared
while the major acyl groups 16:4 and 18:3 remained (FIGS.
14A and 14B). This suggested that PGD1 prefers to hydro-
lyze de novo synthesized MGDG (18:14°/16:0) and the reac-
tion stops when 18:14°/16:0 is depleted in the assay mixture.
Hypothesizing that PGD1 only hydrolyzes de novo-formed
MGDG to release 18:14? for further TAG biosynthesis, reduc-
tion of 18:1%° in TAG of the pgdl mutant can be explained.
The lyso-MGDG obtained using MGDG purified from
Chlamydomonas exclusively contained 16:0 (FIG. 14C), sug-
gesting that PGD1 prefers the sn-1 position. However, the low
amount of free fatty acids generated (FIG. 14D) made it
difficult to draw a firm conclusion, considering that there may
be lipids or fatty acids co-purified with the PGD1 protein.

To confirm that PGD1 prefers less desaturated molecular
species, MGDG synthesized in E. coli by the activity of
recombinant cucumber MGDG synthase (Shimojima et al.
1997) was used. In the buffer control lane, presumably no
hydrolysis occurred as no generation of lyso-MGDG was
seen (FIG. 7B). This E. coli-derived MGDG band represent-
ing the substrate was isolated and shown to contain a combi-
nation of 18:14', 16:0 or 16:1%° acyl groups (FIG. 7D),
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which is similar to the newly assembled MGDG in Chiamy-
domonas. As indicated in FIG. 7B by the intensity of the
lyso-MGDG band, PGD1 was more active on the MGDG
species produced in E. coli using the cucumber MGDG syn-
thase than the mature, mostly unsaturated MGDG from
Chlamydomonas.

To obtain more information on the substrate preference of
PGD1, we compared the acyl composition of the MGDG
substrate, lyso-MGDG and free fatty acid products that
remained after incubation with the corresponding fractions
obtained from Rhizopus lipase hydrolysis. Rhizopus lipase
was inhibited by the buffer used for PGDI1 refolding (FIG.
7B). To generate lyso-lipid (including lyso-MGDG) stan-
dard, PBS instead of protein refolding buffer was used to
dissolve Rhizopus lipase for all the reactions mentioned
below. The E. coli-derived MGDG contains 16:0, 16:1° and
18:14!! (FIG. 7D, untreated sample) with 16:0 and 18:14!*
present in the sn-1 (FIG. 7F), and 16:1%° and 18:1%'! in the
sn-2 position (FIG. 7E), as determined by Rhizopus lipase
digestion. After PGD1 hydrolysis, some of the substrate
MGDG remained (FIG. 7B). However, all the three major
fatty acids were decreased to a similar extent (FIG. 7G). Thus,
the remaining MGDG was due to limited enzyme activity
instead of the preference between different molecular species
within E. coli-derived MGDG. Lyso-MGDG (FIG. 7H) and
free fatty acids (FIG. 71) generated by PGD 1 resembled the
corresponding fractions following Rhizopus lipase digestion
in fatty acid compositions, indicating that PGD1 prefers acyl
groups at the sn-1 position similar to Rkizopus lipase.

We also explored the kinetics of PGD1 mediated hydroly-
sis of E. coli-derived MGDG. Lyso-MGDG was detectable in
30 minutes and continuously increased within 4.5 hours of
incubation (FIG. 15A). At 4.5 hours, the bulk of MGDG
substrate still remained and we chose a 3 hours incubation
time to test the relationship between reaction velocity and
substrate MGDG availability. It should be noted that MGDG
is not soluble and, therefore, classical enzyme kinetics is not
directly applicable in this case. It should also be cautioned
that the purified PGD1 enzyme went through a denaturation
process, and the lipase activity may not be completely
regained during refolding for all molecules present. Lyso-
MGDG instead of free fatty acids was quantified because free
fatty acids can be derived either from MGDG or lyso-MGDG.
The hydrolysis of MGDG was linear in reaction velocity up to
an apparent MGDG concentration of 300 uM (FIG. 15B).

PGD1 does not Act on DGDG.

During the labeling experiment shown in FIG. 6, labeling
of DGDG increased to a greater extent in the pdgl mutant than
did MGDG, suggesting that DGDG might be a possible sub-
strate of PGD 1. To test this possibility, DGDG extracted from
Chlamydomonas was used as a substrate in the PGD1 assay.
However, no formation of lyso-DGDG was detected by
sugar-specific staining (FIG. 7C). When FE. coli-derived
MGDG and Chlamydomonas derived-DGDG were offered in
equal amounts, only lyso-MGDG was formed, showing that
PGD1 used MGDG but not DGDG in this competition experi-
ment, which might reflect the in vivo situation in which both
lipids are present in the same membrane. While a single
MGDG molecular species 18:3/16:4 predominates in
Chlamydomonas (F1G. 11C), DGDG is represented by a
greater variety of molecular species with mostly 16:0 at the
sn-2 position, and considerable amounts of 18:14°, 18:2 and
18:3 acyl groups present at the sn-1 position of the glycerol
moiety (Giroud et al. 1988) (FIG. 11D). Apparently, none of
these DGDG molecular species is hydrolyzed by PGD1 under
the conditions used. In addition, we tested PGD1 activity on
other major membrane lipids prepared from Chlamydomonas
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extracts. PGD1-dependent generation of lyso-DGTS and
lyso-PtdEtn were detectable by iodine staining, but at much
lower levels than those generated by Rhizopus lipase (FIGS.
16A and 16B). Lyso-SQDG hydrolysis was not detectable by
sugar-specific staining (FIG. 16D). Repeated trials of PtdGro
hydrolysis by Rhizopus lipase failed to yield an obvious lyso-
PtdGro band (FIG. 16C), which is expected to run slower than
PtdGro on TLC plates. This might be due to the fact that the
sn-2 position of PtdGro is composed of 16:0 and 16:14> only
(Giroud et al. 1988) while iodine stains lipids by binding to
double bonds. Nevertheless, a major decrease in the lipid
substrate after PGD1 hydrolysis was visible for E. coli
MGDG (FIG. 7B) but not PtdGro nor DGTS, PtdEtn and
SQDG. At this time, synthetic molecular species are not avail -
able for lipids such as MGDG and DGTS. Thus, it was not
possible to compare lipids with exactly the same acyl com-
positions but different head groups.

The Pgdl Mutant Loses Viability Following N Depriva-
tion.

In contrast to the wild-type parental strain, pgd]l mutant
liquid cultures and colonies on agar solidified medium
became chlorotic 5-9 days following N deprivation (FIGS. 1C
and 8A). We took advantage of this observation during the
complementation analysis described above. The increasing
chlorosis correlated well with the decrease in the chlorophyll
content (FIG. 8B), as well as the decline in the viability of
pgdl following N deprivation (FIG. 8C). Following N depri-
vation Chlamydomonas typically ceases cell growth after
approximately one cell cycle (James et al. 2011, Work et al.
2010). However, these cells continue to capture light with
their photosynthetic light harvesting complexes. If electron
acceptors become limiting due to the cessation of growth
under these conditions, photosynthetic electron transport
chain components may become over-reduced. Indeed, it has
been hypothesized that enhanced fatty acid synthesis and
sequestration of acyl groups in TAG provide an electron sink,
because acyl groups are among the most reduced carbon
compounds that algae can produce (Hu et al. 2008). A poten-
tial consequence of TAG deficiency is the increase in the
NADPH/NADP* ratio. This is because NADPH is a major
reductant in fatty acid synthesis. With decreasing availability
of NADP*, molecular oxygen may become an alternative
electron acceptor for photosystem 1. Thus when photosyn-
thetic electron transport exceeds the capacity of the NADP™*
pool to accept electrons, in pgd1 due to decreased TAG syn-
thesis, superoxide may be generated and further converted to
H,0, and hydroxyl radicals (Mehler 1951). Overproduction
of'these highly cytotoxic reactive oxygen species (ROS) may
lead to cell death. To begin to test this hypothesis, we took
advantage of the herbicide 3-(3,4-dichlorophenyl)-1,1-dim-
ethylurea (DCMU), which specifically inhibits photosyn-
thetic electron transfer at the acceptor side of PS II (Trebst et
al. 1970). DCMU treatment is well known to decrease the
generation of superoxide and other reactive oxygen species
from PSI (Davies et al. 1996, Robert et al. 2009, Wen et al.
2008). When DCMU was added to N-deprived cultures, chlo-
rosis and viability loss were suppressed (FIGS. 8A, B, and C).
To further verify this hypothesis, we analyzed thiobarbituric
acid reactive substances (T BARS), a product of reactive oxy-
gen species (Baroli et al. 2003), and observed a burst of
TBARS in the pgdl mutant, which was also reverted by
DCMU (FIG. 8D). As expected, DCMU did not rescue the
pgdl TAG phenotype, but did decrease TAG levels of the
wild-type parental strain (FIG. 8E) because of the decrease in
electrons provided for NADPH generation.
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Discussion

The primary phenotype through which the pgdl mutant
was identified, is a reduction in the accumulation of TAGs
following N deprivation (FIG. 1). Because the affected gene,
PGD1, encodes a galactoglycerolipid lipase with preference
for the sn-1 position of the respective glyceryl backbone
(FIG. 7), we had to reconsider how TAGs are synthesized in
Chlamydomonas. A mechanistic model that accommodates
our current findings on the pgdl mutant and the PGD 1
protein, and that places PGD1 into the context of overall
cellular lipid metabolism is shown in FIG. 9. Because the
pgdl mutant still accumulates considerable amounts of
TAGs, additional pathways not involving PGD1 are contrib-
uting to TAG accumulation in N-deprived cells. For the pur-
pose of simplification, FIG. 9 shows a single lipid droplet
receiving TAG assembled at the ER or the plastid envelopes.
The process can be divided into two conceptual phases that
will be discussed separately: First, the photosynthetic genera-
tion of reductant for fatty acid biosynthesis and second, the
incorporation of acyl groups into TAGs, which we will dis-
cuss first.

An MGDG Deacylation/Acylation Cycle Involved in TAG
Biosynthesis of Chlamydomonas.

FIG. 9 summarizes our current working hypothesis of
PGD1 function in TAG metabolism. We have placed the
galactoglycerolipids, in particular MGDG, at the center of the
plastid envelope pathway as our pulse-chase experiment
(FIG. 6) suggested that acyl groups or entire DAG moieties
move through the membrane lipid fraction of the chloroplast
prior to incorporation into TAGs. While the labeling of galac-
toglycerolipids in the pgd] mutant was increased, the relative
amounts of the membrane lipid classes did not change in the
mutant. Apparently, the pool size of MGDG and other mem-
brane lipids is strictly controlled to maintain functional pho-
tosynthetic membranes.

The importance of galactoglycerolipids in TAG metabo-
lism in Chlamydomonas may arise from the fact that this alga
lacks PtdCho (Giroud et al. 1988). PtdCho is one of the most
rapidly labeled and metabolized membrane lipids in seed
plants and acyl exchange involving PtdCho has been sug-
gested to play a role in the export of fatty acids relevant for
extraplastidic membrane lipid biosynthesis including that of
TAGs (Bates et al. 2007, Bates et al. 2009). Chlamydomonas
membranes contain the betaine lipid DGTS which has been
widely assumed to play atleast some of the roles of PtdCho in
Chlamydomonas due to similarities in structure and biophysi-
cal properties of the two lipids (Sato and Murata 1991).
However, our labeling and lipid analysis data showed no
differences for DGTS between the parental strain and the
pgdl mutant and suggested it is not involved, at least in the
aspect of TAG biosynthesis that is affected in the pgdl
mutant. Although DGTS and PtdEtn molecular species iso-
lated from Chlamydomonas were hydrolyzed by recombinant
PGD 1 to a limited extent (FIGS. 16A and 16B), DGTS and
PtdEtn showed the same change in molecular species com-
position in the mutant, i.e., the reduction of oleic acid con-
taining species (FIG. 4 and FIG. 11), as was seen also for
TAGs. It should be noted that DGTS and PtdEtn are extra-
plastidic membrane lipids. Oleate (18:1°) and palmitate (16:
0) typically are the de novo synthesized acyl groups incorpo-
rated into the glyceryl backbone. Thus the reduction of oleate
in TAG in pgdl suggests that the TAG affected in this mutant
is derived from glyceryl moieties containing these de novo
synthesized acyl groups. Pulse-chase labeling data obtained
when labeled acetate was added prior to N deprivation
showed few differences between the mutant and the parental
strain (FIG. 12). However, stark differences were observed,
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when the pulse was given following N deprivation (FIG. 6)
suggesting that the fraction of TAG requiring PGD1 activity
indeed involves de novo fatty acid biosynthesis.

As DGTS and PtdEtn in the pgd1 mutant are likely down-
stream products of PGD1 activity, just like TAG as discussed
above, it seems probable that a plastid lipid serves as the true
substrate for PGD1 and that PGD1 may be involved in cycling
newly synthesized fatty acids through the plastid polar lipid
pool. DGDG is not likely a major substrate for PGD1 in cells
as it is also not a substrate for PGD1 in vitro, even though it is
highly labeled during pulse-chase experiments in the pgdl
mutant (FIG. 6). The delay in labeling of DGDG as compared
to MGDG is consistent with biosynthesis of DGDG by galac-
tosylation of MGDG. Thus if cycling of acyl groups into TAG
through the MGDG pool is reduced in pgd1, the reduced flux
from MGDG to TAG allows for greater availability of MGDG
for DGDG biosynthesis explaining increased labeling of this
lipid in the mutant.

In vitro lipase assays suggested that PGD1 prefers MGDG
over DGDG, with a preference for MGDG molecular species
with fewer double bonds over 18:3/16:4 species, and a pref-
erence for acyl groups at the sn-1 position over sn-2. To
explain these observations, we propose an acyl-editing cycle
(FI1G. 9, process 1) involving MGDG assembled from de novo
synthesized fatty acids (18:14°/16:0). One function of such a
cycle involving a transient MGDG pool might be the transfer
of fatty acids synthesized in the plastid through the plastid
envelope membranes effectively accomplishing a net export
of 18:1%% acyl groups. As 18:1%° is a major fatty acid in TAG
(FIG. 4D), but not in DGTS or PtdEtn (FIGS. 11A and 11B),
TAG is most affected of the extraplastidic lipids in the pgdl
mutant. Interestingly, in the pgdl mutant MGDG did not
accumulate 18:14° (FIG. 11C), but apparently continued to
become desaturated to its mature 18:3/16:4 molecular spe-
cies. Alternatively, it seems likely that MGDG assembly from
newly synthesized acyl groups is feedback inhibited, adjust-
ing the flow through the pathway to the demands of the cell.
Thus, the total amount of fatty acids in the pgd]l mutant is
lower than in the wild-type parental strain (FIG. 4C) and the
relative amount of 18:14° in the total lipid extracts is reduced
(FIG. 4D).

Mature MGDG found in thylakoid membranes is predomi-
nantly composed of the 18:3/16:4 species (FIG. 11C). Per-
haps the presence of the unusual 16:4 acyl group, or other
highly unsaturated acyl groups, protects MGDG from degra-
dationby PGD1 because it is a necessary building block of the
photosynthetic membrane, while allowing cycling of de novo
synthesized acyl groups through the MGDG pool. This pro-
cess is not perfect as 18:3 and 16:4 acyl groups were present
in TAGs of the wild-type parental strain or the pgdl mutant
indicating some turnover of mature MGDG (FIG. 9, process
2). It is likely that following severe N deprivation, photosyn-
thetic membranes containing mature MGDG species are
degraded to some extent, perhaps involving lipases different
from PGD1, and that these acyl or diacylglycerol moieties
find their way into the TAG fraction. But the bulk of the
membrane has to be maintained for a rapid recovery when
nitrogen is re-supplied. Thus, the resistance of mature
Chlamydomonas MGDG to PGD1 -catalyzed hydrolysis sup-
ports the hypothesis of de novo synthesized acyl group
cycling through a specific MGDG subpool. For this hypoth-
esis to be valid, an acyl-ACP:lyso-MGDG acyltransferase
activity is required for acylation of lyso-MGDG. Such an
enzyme activity with a preference for the sn-1 position has
been described for a cyanobacterium (Chen et al. 1988). We
assume that Chlamydomonas has an ortholog, although the
identity of the gene is not yet known.
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One possible shortcoming of the proposed hypothesis is
that no chloroplast transit peptide was predicted for PGD1
suggesting it to be extraplastidic. However, a cytosolic loca-
tion would give PGD1 access to MGDG in the outer leaflet of
the outer membrane, where this lipid has been shown to be
present (Joyard et al. 1991). Analogously, the outer envelope
protein, SFR2, of Arabidopsis (Moellering etal. 2010) acts on
MGDG, suggesting that PGD1 has access to MGDG mol-
ecules in the outer envelope, even if it is not inside the plastid.
We attempted to resolve this issue, but subcellular localiza-
tion of PGD1 using GFP fusion constructs was unsuccessful.
Alternative localization approaches such as immunolocaliza-
tion of PGD1 will have to await the availability of antibodies.
How does Oleate Availability Affect TAG Biosynthesis?

The fatty acid composition of TAG of the pgdl mutant
(FIG. 4D and FIG. 5) lacks 18:14° and has a higher relative
abundance of 18:14'', 18:3*% and 18:4 acyl groups. To
explain these observations, we considered the different
sources for acyl groups that might be present in TAGs: 1. de
novo synthesis (FIG. 9, process 1), for which 18:14° is the
diagnostic fatty acid most increased following N deprivation
(FIG. 4D); 2. Plastid membrane lipid degradation (FIG. 9,
process 2) indicated by the presence of 16:4 and 18:3*% in
TAGs derived from mature MGDG; and 3. extraplastidic
membrane lipid modification and turnover (FIG. 9; process 3)
characterized by the presence of 18:14'!, 18:3*% and 18:4
acyl groups in TAG. Fatty acids such as 16:0 can be derived
from multiple processes and, therefore, are not diagnostic.
The DAG backbone for most TAG species originates from the
chloroplast pathway since the sn-2 position of TAGs of
Chlamydomonas contains up to 80% 16-carbon fatty acids
(FIG. 5) (Fan et al. 2011). We suggest that the plastid DAG
pool primarily contributes to TAG biosynthesis. Plastid DAG
can derive from both, de novo assembly and plastid mem-
brane lipid degradation (FIG. 9, process 2). Turnover of de
novo synthesized MGDG (FIG. 9, process 1) will contribute
to the cytosolic acyl-CoA pool which provides acyl groups
for the sn-3 position in TAGs. Similarly, lipid modification
and turnover at the ER (FIG. 9, process 3) likely provide
acyl-CoA substrate for the diacylglycerol acyltransferase
(DGAT). The absence of PGD1 impairs the export of 18:14°
with two consequences: 1. decrease of 18:14°-CoA as sub-
strate for TAG biosynthesis (FIG. 4D); and 2. decrease of
18:1”° in the DAG backbones of DGTS and PtdEtn as shown
in FIGS. 11A and 11B.

The relative amounts of fatty acids from extraplastidic
membrane lipid turnover (18:14'%, 18:3*® and 18:4) were
doubled in TAG of the pgdl mutant (FIG. 4D and FIG. 5).
Considering the approximately 2-fold decrease in TAG con-
tent in the pgd1 mutant, this can be explained by the fact that
extraplastidic membrane lipid turnover (FIG. 9, process 3)
was not affected by the pgdl mutation, while the total TAG
amount was decreased 2-fold.

In contrast, the relative amounts of fatty acids provided by
mature plastid membrane lipid turnover (16:4 and 18:3*3)
remained the same or only slightly increased (FIG. 4D and
FIG. 5). Therefore, the absolute amounts of these two fatty
acids in TAGs were decreased.

TAG Accumulation Protects Cells from Oxidative Dam-
age.

While the accumulation of TAG by microalgae following
nutrient deprivation has been repeatedly documented over
many years, experimental exploration of the physiological
role of this process has been scarce. The availability of the
pgd/mutant with reduced oil content now provides an excel-
lent opportunity to explore the function of TAG accumulation
in microalgae. One can postulate that TAG is synthesized
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following N deprivation to store excess carbon when amino
acid synthesis becomes impaired, an important but possibly
not essential role for TAG accumulation, because photosyn-
thate could presumably also be partitioned into increasing
amounts of carbohydrates. However, the major loss in viabil-
ity of pgdl (FIG. 8C) suggests that TAG accumulation is
essential for cells to survive following N deprivation. This
observation provides direct experimental verification for
recent suggestions that TAG might serve as an outlet to
sequester excess electrons moving through the photosyn-
thetic electron transport chain (Hu et al. 2008), thereby pre-
venting the reduction of molecular oxygen and generation of
ROS, which are cytotoxic. The connection between photo-
synthetic electron transport and TAG metabolism is shown in
FIG. 9. In the wild-type parental strain, photosynthetic elec-
tron flow supplies the reducing equivalents in the form of
NADPH for fatty acid synthesis. If electron transport is
blocked with DCMU, the reduced electron flow into the
NADPH pool would limit TAG biosynthesis resulting in
lower levels of TAG (FIG. 8E) as was recently also observed
by others (Fan et al. 2012). On the other hand if TAG biosyn-
thesis is compromised as in pgd1, molecular oxygen probably
serves as alternative electron acceptor leading to the forma-
tion of excess ROS and ultimately cell death. DCMU treat-
ment of pgdl relieves the production of ROS by decreasing
the electron flow to molecular oxygen.

The assay employed to detect thiobarbituric acid reactive
substances (TBARS) is commonly used to measure the con-
sequences of oxidative stress in Chlamydomonas (Baroli et
al. 2003, Fischer et al. 2007). As products of lipid peroxida-
tion, TBARS are easier to detect than ROS themselves which
are short-lived (Shulaev and Oliver 2006). We observed a
strong accumulation of TBARS in the pgd1 mutant on day 7
of N deprivation (FIG. 8D). However, this effect was pre-
ceded by the loss of ability to form colonies indicating a loss
in cell viability (FIG. 8C). Similarly, Baroli et al. tested the
ability to form colonies and TBARS accumulation in a
Chlamydomonas mutant sensitive to high light and observed
a similar lag in TBARS formation (Baroli et al. 2004). It is
likely that lower amounts of ROS can cause loss of colony
forming ability, while the formation and accumulation of
detectable levels of TBARS requires more time. However, we
cannot exclude the alternate explanation that cell death itself
is the cause of TBARS accumulation in the pgd1 mutant.

Ifthe proposed hypothesis that TAG biosynthesis mitigates
ROS formation at PSI following N deprivation is correct, we
expect to identify more mutants deficient in TAG accumula-
tion that lose viability following N deprivation. In fact, the
essentiality of TAG accumulation opens new opportunities
for additional forward genetic screens of mutants compro-
mised in genes required for TAG biosynthesis and its regula-
tion, or even photosynthetic electron transport.

CONCLUSIONS

The isolation of the pgd1 mutant led to the discovery of a
galactolipid lipase that plays a role in TAG accumulation
following N deprivation in Chlamydomonas. This finding
was not predicted based on our current knowledge of lipid
metabolism in seed plants. However, Chlamydomonas lacks
PtdCho, which is the polar lipid in plants on which the modi-
fication of acyl groups followed by acyl exchange happens.
Thus, one might wonder whether the TAG assembly pathway
presented here is specific to Chlamydomonas. A cursory
check suggests that there are possible orthologs of PGD1 in
plants and other algae and that the hypothesis outlined in FI1G.
9 may, therefore, also have some relevance to TAG biosyn-
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thesis in plants and other algae, at least under certain growth
conditions and perhaps with modifications.

The pgdl mutant also provides the means to experimen-
tally demonstrate a long postulated role of TAG accumulation
following nutrient deprivation in microalgae. Apparently,
TAG accumulation relieves the reducing pressure on the elec-
tron transport chain under nutrient stress conditions when
cells stop growing but still photosynthesize, and possibly
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alleviates the production of harmful ROS that can result in
cell damage. Ultimately a better understanding of the assem-
bly pathways for TAG and the physiological consequences of
TAG accumulation will help shape our thinking of how to
engineer improved algal feedstock for fuel, feed, and indus-
trial chemicals.

An amino acid sequence for a PGD1 protein from Chlamy-
domonas includes, e.g., SEQ ID NO:1:

MSQLLSHFVRVPTFASPDQVLREARDKERELQNARAPTDVSGFLAPVGVWELKHLRKLSSLTSLTYY

MHLVTPRRLQLMHGLDLVVTSRACDVRPYEHNRTAEECGADGDGMAVSFAEARQVYAELKRGTGGAS

GSGSNGAAAAPVAVAAGVSNIVALPRELPFVPLPGGATEGGEAGAEAAAGAAAAAAAANAGEGTGPGA

QGOGAGGLQLPLASTEAIGRMLRSPAEVVSAKLAEAALAASAAAAASPLGAAAESFYAGLASLPIPL

AGGLVGANNKAANTLLAPPNGAAASS SGGGGGSGGAAAASEVVGSSRGAQGADPADPGAPNTSGKAT

AASIAAMATAELRSRRLGGTGPAKTGGSGAASSGSSSGGIGAGGMAPVTAGGMRLSPAATAFSAPPA

ATVSSLASTDAGTALVPVASSSAASLTFSSSSAYSCPSEWFVVDDPASATRIFVIQGSD TLDHWKLN

LTFDPVVFEEPALGVKVHRGVYEAALVLYERFLPLVYEHLEASPFSKVTFTGHSIGGSMATLLMLMY

RNRGVLPPHSIATVYTFGAPAVFCQQQQPAVADAS SACCNGSSSNGSSTPASGSSSPRSGSPGSASA

SSLPAGSGSGAGGMSLWALGLSGFGMGGASLAGGGSTSAPSS TAGLASVDGGAVAAGGGGSGFNSSG

LGFMSVEDPQAVSMPPGAAQAPSPASAPAPTAGPGHNSHSSHSKAGPAAAKSCACGVDGLLTRLGLA

PHVVRNVVMARDVVPRAFACDYSLVADILKGWGPAFREHCCLNRHGRKHLYYFVGRMCILQPDAWHS

FVGGDPEHPMLPPGPELYALAEPEDAAAARAHYPALSDLPILNAVTSNGHTRGSGGNGANAAVNAAV

NASGPSAAASGGGGGSQQPTAAAAVPSTANFGTALVASAAQRERDARGGGSRLOPRSVVEAVWEIMD

NPHPLETLADPGAYLASGSISRYHNPEHY TKALGRLTHLKRLAERRQHPHGQAQQKQAQPQAGEGGI

RSMFAGRNIRSFGGGVRSGSGSGSAGRRGLLHQQOAASNGTAADAVLASGAAGAAAAAWGSAPQLADL

VSGNGGRASAGYEGGVWDSSDGLDLHLSDFMGASAVGAADPHACR

which is encoded by

PGD1_gDNA 6661 bp

(SEQ ID NO: 25)

CGTGAATGGCAAAACAATAGCAACAATGCAAGCGTACACCGGGCAAACCAAGCTTCGG

CCTGGGCGCGGGACAGGGAGTGCCGCTCCCACCGAGCCCAGGACTCGCACCTGTGTAGT

TACAAGAGTGCTAGCGCCACCTGAAGCGCCAGGAAGGAGGCCCCGTAGCGCCTCGTCTC

TGACGCAAGATGGGCAAGCGTCGCCCGCACCTTCAACGCCAACGACAGCAGCTTCTGTG

TGGTCGAGCACCACTAGCTATATGAGCCAGCTATTGTCGCACTTTGTGAGGGTTCCGAC

GTTTGCGTCGCCAGACCAGGTGAGCTCAGCGGTCGGAGATGCTGACGTCGCTCGGCGCA

CGCCTGGCTCGACGAGCTGACGGTGCACGCGGAGCTGGCGTGGCCAAGTTCTAAACCCG

CGCAATCCCGGCGTTATGGCAATGCGACAACGCAGGTCCTGCGTGAGGCGAGGGACAA

GGAGCGCGAGCTGCAGAACGCGAGGGCGCCCACGGATGTCAGCGGATTTCTTGCGCCC

GTTGGCGTTTGGGAGCTGAAGCACCTGCGCAAGCTGTCGTCCCTTACCAGCCTTACCTAC

TACATGCACCTGGTGACGGTGAGTGCGCGTGT TGGAGAGTTGGGGCGCGTGCGTGCGTG

CTCGCTAGCCGCCGCGTGGCGCGTAAGCGTGGCGCGCGAGCGTTAGCCAGGGTTAGCCT

CGCGGGTGTTCAGACCTGCAGCCGCCGCAGCTGCGGTGGGTAAGGGCCAGTTGGCTCTG

GAGCGGGGCAGCGGTGTTGCGCGGAGCCGCGGAGGGTTCGAGAAGGACCGCCGGGCAG

GTCCGCCGTAACGCACGCAGAGGGGGTAGCTGCCGAAGGTTGTTGGGCGCAGTGGAGG
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AGTGGTTTCCCGGTACTCGGTAACGCACGT TGCCCAGACCCCGCCATCARACCAGGACT
TGCCTGACAGCATCCGCCAGEGECCTGCCEGCETC TGCCGTGCCGTGCTGCTGTGCTCGCT
CCGTCCTATTTAGCATTTCCTTTCGCCCTTCCTTCCCTGCCTCCTGAACCCCCCTGCCCCT
GTGCCGACCCCCGCACTACCTACCTCGCTCCCCTCCCACAGCCCCGECGGCTGCAGCTS
ATGCACGGGCTGGACCTGGTGGTGACCAGCCGCGCC TGCGACGTGCGGCCGTACGAGCA
CAACCGCACCGCCGAGGAGTGCGGTGCCGACGECGACGGCATGECCGTCTCGTTCGCCE
AGGCGCGCCAGGTGTATGCCGAGCTGAAGCGCGGCACGGGCEGCGCCAGCGGCAGCEE
TAGCAACGGGGCGGECGECEGCECCGETGECGETGECEGCGGECETGTCCAACATCGTE
GCGCTECCGCGCGAGCTGCCGTTCGTGCCECT TCCCGECGGCECGACGGAGGGTEGCGA
GGCGGGAGCGGAGGCCGCCGCCEEGECEECEECAGCAGCCGCAGCCGCAGC TGGEGA
AGGCACCGGGECCGEGEECCCAGGEECAGGEEECAGGGEECCTACAGCTGCCGTTGECC
TCGACCGAGGCCATCGGCCGCATGC TGCGCAGCCCGGCEGAGGTGETGT CGGCARAGCT
TGCTGAGGCGGCCCTGGCEECCTCGGCCGCCECCGCCGCCAGCCCGCTCGECGCCECCE
CCGAGAGCTTTTACGCTGGGCTGGCCTCGCTGCCCATCCCGCTEGCCGGCEECCTCETE
GGCGCCAACAACAAGGCCGCCAACACACTGCTGGCGCCGCCGAACGEEGCEECGECCA
GCAGCAGTGGCGGCGETGETGGTAGCGETEECGCGECEECAGCETCTGAGGTTGTGGS
CTCGTCGCGGGECGCCCAGEGAGCGGACCCTGCGGACCCCGGCGCACCCAACACCAGT
GGCAAGGCCACTGCCGCCTCCATCGCGGCCATGGCAACTGCCGAGCTGCGCTCCCGCCG
CCTGEGCGGCACCGETCCTGCCAAGACGEGGEECAGCGGCECCECCAGCAGCGGCAGT
AGCAGCGGCGGTATTGETGCGGGTGECATGGCGCCAGTAACGGCTGGCGGCATGCGTTT
GTCACCCGCCGCCACCGCCTTCTCCGCCCCTCCCGCTGCCACCETCTCCTCCCTAGCCTC
CACGGACGCCGEGACTGCGCTEGTGCCGETGGCT TCATCCTCGGCEGCT TCCCTCACCTT
CTCCTCCAGCTCTGCCTACTCCTGCCCCTCAGAATGGT TTGTGGTGGACGACCCTGCCTC
GGCCACACGCATCTTCGTCATCCAGGTAGGAACCGTGEGAACC TTTAAGGAGT TGAGGT
GTGCGCCTAGAAAGTAAGGAAATGCGGGTAGGTGAATGCATGCAAGAAGACAGCGTTC
TGATACTACGGCAAACCCTCACAAGCGGTACTCGCGCCGCCTCCACAACAGEGCTCGGA
CACGCTGGACCACTGGAAGCTGAACCTGACGT TCGACCCGGTGETGT TTGAGGAGCCGE
CCCTGGGCGTCAAGGTGCACCECGGCETATACGAGECGECGCTGETGCTGTACGAGCGC
TTCCTGCCGCTGGTGTACGAACACC TGGAGGCGTCGCCCTTCTCCAAGGTCACCTTCACG
GTGAGGGGTTGGAGGEGTGGGTGGAGAGGTGGCT TTCAGT TATCTCGCACGAGGACTGS
AAGTACCAAGCCAGGGGTAAGCGGEGTGGCCEEGAGCCGGGCAGACTGGAGAGGAGT
TCCAAGTGGACCGGGCACT CTACGGCACCTGTGCCTGTGCCTGACACCGCACCTGTGCT
GCCTCCATGCCGTCCGCCCCCCCGACCCTCAGGGCCATTCCATCGGTGGCTCCATGGCCA
CGCTGCTGATGCTCATGTACCGCAACCGEGGCGTGCTGCCGCCGCACTCCATCGCCACT
GTCTACACCTTTGGCGCGCCCGCCGTGTTCTGCCAGCAGCAGCAACCGGCCGTAGCCGA
CGCCTCTTCGGCCTGCTGCAACGGCAGTAGCAGCAACGGCAGTAGCACGCCCGCCAGCE
GCAGCTCCAGCCCGAGGAGCGGCAGCCCCGECTCAGCCTCGGCCTCGTCGCTGCCGGCC
GGCAGTGGCAGCGETGC CGGCGECATGTCECTGTGGGCGCTGGGCCTGAGCGGCTTTGS
CATGEGCGGCGCCAGTC TGGCCGGCEECEGCAGCACCAGCGCCCCTAGCAGTACCGCC

GGCCTGGCGAGTGTGGACGGCGGCGCCETGGCGGCTGGCGEGCGGCGGCAGCGGCTTCA
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ACTCATCAGGGCTGGGECTTCATGAGCGTCGAGGTGCGGCCAGCGTTGGTCTGGGAGGGA

CGGGCTGGCTGCAAGGCGGCTACTGAGGGACGGACACGGGCTGTGTGTTCTGGCATGTC
AAGCACTTTCGCCGCTCGTAACCTATCTGCAAAACTCACTGTGTGTGTCGTGGTGTGCCA
CGCAGGACCCCCAGGCGGTCTCGATGCCGCCGGGCGCCGCCCAGGCGCCCTCGCCCGCE
TCCGCGCCGGCGCCCACCGCCGGCCCCGGCCACAACAGCCACAGCAGCCACAGCAAGG
CCGGCCCCGCCGCCGCCAAGAGCTGCGCCTGCGGTGTTGACGGGCTGCTGACGCGGCTG
GGGCTGGCGCCGCACGTGGTGCGCAACGTGGTGATGGCGCGGGACGTGGTGCCGCGCG
CCTTCGCGTGCGACTACAGCCTGGTGGCGGACATCCTCAAGGGCTGGGGGCCGGCCTTC
CGGGAGCACTGCTGCCTCAACAGGTGGGAGCAGGGGGGGCGTGTGGCGGGCGTGCTGC
AGAGTGCTCGGGGCGGETGGGGCGGEETGGCGCGGGGGGGACGCAGGCTGCAGCTGGGG
CTGTGCTTGGGCCGGACACGGGGCAACCATGGCCCGCGGTCAGGGCGCGGGTGCTGTAG
ATGGTGCGGTGGGTTGCGTGACCTGTGGCTCAGTTGCTGGCACGACTGACACGACGCCG
GGCGGCCCTCCGCGCAGGCACGGCCGCAAGCACCTGTACTACTTCGTGGGGCGCATGTG
CATCCTGCAGCCGGACGCCTGGCACAGCTTCGTGGGCGGCGACCCGGAGCACCCCATGC
TGCCGCCCGGCCCCGAGCTGTACGCGCTGGCGGAGCCCGAGGACGCCGCCGCTGCCCGC
GCCCACTACCCCGCCCTGTCCGACCTGCCCATCCTCAACGCCGTCACCAGCAATGGCCA
CACCCGCGGCAGCGGCGGCAACGGCGCCAACGCCGCCGTCAACGCCGCCGTCAACGCC
TCCGGCCCCAGCGCCGCCGCCTCCGGCEGCGGCEGCGGECTCGCAGCAGCCGACCGLGGT
GGCTGCTGTGCCGTCCACCGCCAACTTCGGCACGGCGCTGGTGGCGTCGGCGGCGCAGT
GGGAGCGCGACGCGCGCGGCGGCGGCTCTCGTCTGCAGCCGCGCAGTGTGGTGGAGGTC
GGTGTGGGAGATCATGGACAACCCGCACCCTCTGGAGACACTGGCGGACCCGGGCGCCT
ACCTGGCCTCCGGCAGCATCTCCCGCTACCACAACCCGGAGCACTACACCAAGGCGCTG
GGCCGCCTGACGCACCTGAAGCGGCTGGCGGAGCGGCGGCAGCACCCGCACGGCCAGG
CGCAGCAGAAGCAGGCGCAGCCGCAGGCCGGCGAGGGCGGCATCCGCAGCATGTTCGC
GGGGCGCAACATCCGCAGCTTTGGCGGCGGTGTGCGCAGCGGCAGCGGCAGTGGCAGTC
GCCGGCCGGCGGGGGCTGCTGCACCAGCAGGCGGCCTCCAACGGCACCGCGGCTGACG
CGGTGCTGGCCAGTGGCGCCGCCGGCGCGEGCCGCCGCGGCCTGGGGCAGCGCGCCGCA
GCTGGCGGACCTGGTGAGCGGCAACGGCGGCCGCGCGAGTGCGGGCTACGAGGGCGGT
GTGTGGGACAGCAGTGACGGGCTGGACCTGCACCTCAGCGACTTCATGGGCGCCTCCGC
GGTGGGCGCCGCCGACCCACACGCCTGCCGGTGAGGCGGCGGCGACAGCGGCTGGGTG
TGGGCTGGATGCAGGTGACAGGCAAGGCGCAGTCAGAGGAGGCAGAAGCGGCAGAGG
CGGCAGAGGCGACGGAAGCGGCAAGTTGCAGCGTGCAGGAGCTGGAGTAGAGCCGCTG
TGCAGTGCGATCAGATGCAGCAGAGACGTGGAGCTTCAGCGCTTAGCGGGTGCGGCATG
AGCGCCTGAGCGCCTGAGCACGGGGTGGACGCCGAGGAGGTCCGGAAGGGCGTTGCAC
GGGGTGAACGTGGCCAGGGGTCAGCCTTATTACGGTGCGTAATGGTTGGGGTCTGCGAC
TCGGTTTGCAACTGCGTATGCATATACCAATGGTGGTGGCGCGTCGCGAGCCGCTCTGC
GGGCTGCCGCAATATGTGCGGCGGCCGCAACACGGGCACATCAGCGCATTATACTATTC
CCTTACTGAAGGGCAGCGGAGTGAGCTGTGGACGGCATGGGTATAGGTGTCGGCGCCGC
CGGGGCCTCTGACCCGCCACGCCTGCGCCGGGCCAGGGGCTGCACAGACAGGCTAAGG
ATCGATCTAGCAGACCGTCAAGGTCATTGCCTTGTTGATTGGTATGCTCTGTACTACTAT

GTATTCCGGCTTTCGAGTGCCGGGCAGTGACTGCGGCCAAGCAGAACTGCCCGTGACCT
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CCTCCGEGTTAGGCAGCCAGEEGCC TGCGCCTCTGCGCGTGGEGAGCAGTGCCGGGCAG
CCCGEGCACAAATGAGAGCGAGTGTGCCTCTTCTATTAGCCATGTGCCARATGTTCTTA
ACTGTTATCCAAAAGTGCTGTGTGCGATTTCATGTCTGCTGGT TTGTGCGTACATAGGGA
CCCACAGATCCCCTTCCTCCCATGCGCCGCATGC TGCCGCTGCCACAAT TTGTGCCGGCE
CTGCGTGTGTGGGGEGAACCGEGET TGCGTGACGTGCGTGTGAAGAGTGTGCATGTGTC
CCGCEGTGTCGCGGCAT TTGCTGTAGT TGTGC TGTTGGGTGCTAGGAGCGEGGCGAGAG
TGAAGAGAACCCTTCATGTCAGGGCCCAGCGATCGTCTTGCTGEGGCACCTTGCGTGTG
CTGTGCTTTGCTATTCTATTCCTCT TGAGAGTAGCTGCGC TGCTCAGAGGCATGCAGTGT
GTAGAGTTGACGATCTGTTGCAGTGTTGCATAGAGCCACGCTGGAGCTGCAGTTAGTCC
AGAGGTGTCACGGTGCTTGCGGCGACGCGTCTGCCGCGETACT CCTACGGCTCCGTGTT
GCACCGCGGCAGCCCAAGCGCCTCGGCAGCTGCAGCATAAGGCGTTTGAGCGGGTAGS
TCCATGTGTCTCTGTCCTATTCATCGCGETAGCTGATCCAGTAGCTGGTAGGCGGTGCGC
TTCGGTGTAGGTTGAAC TAGCAGAT TTCCCGGGCAATGCGTGTGGCAGCCCAAGCTGAA
CAGGEGCAGGTGETGGCTGGGACGATGC TCCCGCGCAGGAACGATGCTCCCGCGCACCTC
ACACTCATGCTCAAGGTTGACGCCCCGATTGEGGAT TTTTGTGCAGGTGTTAAAGCTATG
CCCCGTACTTGEGETGTGT TCGCCGTGTAGGCGTGAAGGCGTGAAGTTACTCCTTGAATTT
GAGACATAGACAGGTGGTGCAGCGCGTGAAGCGCGTGTCAAGGCTGCGCGCAGCCCAT

GTAAGGTCCGAGATGL
Where the mRNA transcript has a DNA sequence of

>PGD1_transcript_ 5302 bp

(SEQ ID NO:

CGTGAATGGCAAAACAATAGCAACAATGCAAGCGTACACCGGGCAAACCAAGCTTCGG

CCTGGGCGCGGGACAGGGAGTGCCGCTCCCACCGAGCCCAGGACTCGCACCTGTGTAGT

TACAAGAGTGCTAGCGCCACCTGAAGCGCCAGGAAGGAGGCCCCGTAGCGCCTCGTCTC

TGACGCAAGATGGGCAAGCGTCGCCCGCACCTTCAACGCCAACGACAGCAGCTTCTGTG

TGGTCGAGCACCACTAGCTATATGAGCCAGCTATTGTCGCACTTTGTGAGGGTTCCGAC

GTTTGCGTCGCCAGACCAGGTCCTGCGTGAGGCGAGGGACAAGGAGCGCGAGCTGCAG

AACGCGAGGGCGCCCACGGATGTCAGCGGATTTCTTGCGCCCGTTGGCGTTTGGGAGCT

GAAGCACCTGCGCAAGCTGTCGTCCCTTACCAGCCTTACCTACTACATGCACCTGGTGAC

GCCCCGGCGGCTGCAGCTGATGCACGGGCTGGACCTGGTGGTGACCAGCCGCGCCTGCG

ACGTGCGGCCGTACGAGCACAACCGCACCGCCGAGGAGTGCGGTGCCGACGGCGACGG

CATGGCCGTCTCGTTCGCCGAGGCGCGCCAGGTGTATGCCGAGCTGAAGCGCGGCACGG

GCGGCGCCAGCGGCAGCGGTAGCAACGGGGCGGCGGCGGCGCCGEETGGCGGTGGCGGT

GGGCGTGTCCAACATCGTGGCGCTGCCGCGCGAGCTGCCGTTCGTGCCGCTTCCCGGLG

GCGCGACGGAGGGTGGCGAGGCGGGAGCGGAGGCCGCCGCCGGGGCGGCGGCAGCAG

CCGCAGCCGCAGCTGGGGAAGGCACCGGGCCGGGGGCCCAGGGGCAGGGGGCAGGGG

GCCTACAGCTGCCGTTGGCCTCGACCGAGGCCATCGGCCGCATGCTGCGCAGCCCGGLG

GAGGTGGTGTCGGCAAAGCTTGCTGAGGCGGCCCTGGCGGCCTCGGCCGCCGCCGCCGL

CAGCCCGCTCGGCGCCGCCGCCGAGAGCTTTTACGCTGGGCTGGCCTCGCTGCCCATCC

CGCTGGCCGGCGGCCTGGTGGGCGCCAACAACAAGGCCGCCAACACACTGCTGGCGCC

26)

36
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GCCGAACGGGGCGGCGGCCAGCAGCAGTGECEGCGETGETGETAGCGETGECGCGECG

GCAGCGTCTGAGGTTGTGGGCTCGTCGCGGGGCGCCCAGGGAGCGGACCCTGCGGACCT
CGGCGCACCCAACACCAGCGGCAAGGCCACTGCCGCCTCCATCGCGGCCATGGCAACTG
CCGAGCTGCGCTCCCGCCGCCTGGGCGGCACCGGTCCTGCCAAGACGGGGGGCAGCGG
CGCCGCCAGCAGCGGCAGCAGCAGCGGCGGTATTGGTGCGGGTGGCATGGCGCCAGTA
ACGGCTGGCGGCATGCGTTTGTCACCCGCCGCCACCGCCTTCTCCGCCCCTCCCGCTGCC
ACCGTCTCCTCCCTGGCCTCCACGGACGCCGGGACTGCGCTGGTGCCGGTGGCTTCATCC
TCGGCGGCTTCCCTCACCTTCTCCTCCAGCTCTGCCTACTCCTGCCCCTCAGAATGGTTTG
TGGTGGACGACCCTGCCTCGGCCACACGCATCTTCGTCATCCAGGGCTCGGACACGCTG
GACCACTGGAAGCTGAACCTGACGTTCGACCCGGTGGTGTTTGAGGAGCCGGCCCTGGG
CGTCAAGGTGCACCGCGGCGTGTACGAGGCGGCGCTGGTGCTGTACGAGCGCTTCCTGC
CGCTGGTGTACGAACACCTGGAGGCGTCGCCCTTCTCCAAGGTCACCTTCACGGGCCAT
TCCATCGGTGGCTCCATGGCCACGCTGCTGATGCTCATGTACCGCAACCGGGGCGTGCT
GCCGCCGCACTCCATCGCCACCGTCTACACCTTTGGCGCGCCCGCCGTGTTCTGCCAGCA
GCAGCAACCGGCCGTAGCCGACGCCTCTTCGGCCTGCTGCAACGGCAGTAGCAGCAACG
GCAGTAGCACGCCCGCCAGCGGCAGCTCCAGCCCGAGGAGCGGCAGCCCCGGCTCAGT
CTCGGCCTCGTCGCTGCCGGCCGGCAGTGGCAGCGGTGCCGGCGGCATGTCGCTGTGGG
CGCTGGGCCTGAGCGGCTTTGGCATGGGCGGCGCCAGTCTGGCCGGCGGCGGCAGCACC
AGCGCCCCTAGCAGTACCGCCGGCCTGGCGAGTGTGGACGGCGGCGCCGTGGCGGCTG
GCGGCGGCGGCAGCGGCTTCAACTCATCAGGGCTGGGCTTCATGAGCGTCGAGGACCCC
CAGGCGGTCTCGATGCCGCCGGGCGCCGCCCAGGCGCCCTCGCCCGCGTCCGCGCCGGT
GCCCACCGCCGGCCCCGGCCACAACAGCCACAGCAGCCACAGCAAGGCCGGCCCCGCT
GCCGCCAAGAGCTGCGCCTGCGGTGTTGACGGGCTGCTGACGCGGCTGGGGCTGGCGCT
GCACGTGGTGCGCAACGTGGTGATGGCGCGGGACGTGGTGCCGCGCGCCTTCGCGTGCG
ACTACAGCCTGGTGGCGGACATCCTCAAGGGCTGGGGGCCGGCCTTCCGGGAGCACTGC
TGCCTCAACAGGCACGGCCGCAAGCACCTGTACTACTTCGTGGGGCGCATGTGCATCCT
GCAGCCGGACGCCTGGCACAGCTTCGTGGGCGGCGACCCGGAGCACCCCATGCTGCCGT
CCGGCCCCGAGCTGTACGCGCTGGCGGAGCCCGAGGACGCCGCCGCTGCCCGCGCCCAC
TACCCCGCCCTGTCCGACCTGCCCATCCTCAACGCCGTCACCAGCAATGGCCACACCCG
CGGCAGCGGCGGCAACGGCGCCAACGCCGCCGTCAACGCCGCCGTCAACGCCTCCGGC
CCCAGCGCCGCCGCCTCCGGCGGCGEGECEGCGGCTCGCAGCAGCCGACCGCGGLGGELTG
CTGTGCCGTCCACCGCCAACTTCGGCACGGCGCTGGTGGCGTCGGCGGCGCAGCGGGAG
CGCGACGCGCGCGGCGGCGGCTCTCGTCTGCAGCCGCGCAGTGTGGTGGAGGCGGTGTG
GGAGATCATGGACAACCCGCACCCTCTGGAGACACTGGCGGACCCGGGCGCCTACCTGG
CCTCCGGCAGCATCTCCCGCTACCACAACCCGGAGCACTACACCAAGGCGCTGGGCCGC
CTGACGCACCTGAAGCGGCTGGCGGAGCGGCGGCAGCACCCGCACGGCCAGGCGCAGC
AGAAGCAGGCGCAGCCGCAGGCCGGCGAGGGCGGCATCCGCAGCATGTTCGCGGGGCG
CAACATCCGCAGCTTTGGCGGCGGTGTGCGCAGCGGCAGCGGCAGTGGCAGCGCCGGC
CGGCGGGGGCTGCTGCACCAGCAGGCGGCCTCCAACGGCACCGCGGCTGACGCGGTGC
TGGCCAGTGGCGCCGCCGGCGECGGCCGCCGCGGCCTGGGGCAGCGCGCCGCAGCTGGC

GGACCTGGTGAGCGGCAACGGCGGCCGCGCGAGTGCGGGCTACGAGGGCGGCGTGTGG
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GACAGCAGTGACGGGCTGGACCTGCACCTCAGCGACTTCATGGGCGCCTCCGCGGTGGG
CGCCGCCGACCCACACGCCTGCCGGTGAGGCGGCGGCGACAGCGGCTGGGTGTGGGCT
GGATGCAGGTGACAGGCAAGGCGCAGT CAGAGGAGGCAGAAGCGGCAGAGGCGGCAG
AGGCGACGGAAGCGGCAAGTTGCAGCGTGCAGGAGCTGGAGTAGAGCCGCTGTGCAGT
GCGATCAGATGCAGCAGAGACGTGGAGCTTCAGCGCTTAGCGGGTGCGGCATGAGCGC
CTGAGCGCCTGAGCACGGGGTGGACGCCGAGGAGGTCCGGAAGGGCGTTGCACGGGGT
GAACGTGGCCAGGGGTCAGCCTTATTACGGTGCGTAATGGTTGGGGTCTGCGACTCGGT
TTGCAACTGCGTATGCATATACCAATGGTGGTGGCGCGTCGCGAGCCGCTCTGCGGGCT
GCCGCAATATGTGCGGCGGCCGCAACACGGGCACATCAGCGCATTATACTATTCCCTTA
CTGAAGGGCAGCGGAGTGAGCTGTGGACGGCATGGGTATAGGTGTCGGCGCCGCCGGG
GCCTCTGACCCGCCACGCCTGCGCCGGGCCAGGGGCTGCACAGACAGGCTAAGGATCG
ATCTAGCAGACCGTCAAGGTCATTGCCTTGTTGATTGGTATGCTCTGTACTACTATGTAT
TCCGGCTTTCGAGTGCCGGGCAGTGACTGCGGCCAAGCAGAACTGCCCGTGACCTCCTC
CGGGTTAGGCAGCCAGGGGCCTGCGCCTCTGCGCGTGGGGAGCAGTGCCGGGCAGCCC
GGGCACAAATGAGAGCGAGTGTGCCTCTTCTATTAGCCATGTGCCAAATGTTCTTAACT
GTTATCCAAAAGTGCTGTGTGCGATTTCATGTCTGCTGGTTTGTGCGTACATAGGGACCC
ACAGATCCCCTTCCTCCCATGCGCCGCATGCTGCCGCTGCCACAATTTGTGCCGGCGCTG
CGTGTGTGGGGGGAACCGGGGTTGCGTGACGTGCGTGTGAAGAGTGTGCATGTGTCCCG
CGGTGTCGCGGCATTTGCTGTAGTTGTGCTGT TGGGTGCTAGGAGCGGGGCGAGAGTGA
AGAGAACCCTTCATGTCAGGGCCCAGCGATCGTCTTGCTGGGGCACCTTGCGTGTGCTG
TGCTTTGCTATTCTATTCCTCTTGAGAGTAGCTGCGCTGCTCAGAGGCATGCAGTGTGTA
GAGTTGACGATCTGTTGCAGTGTTGCATAGAGCCACGCTGGAGCTGCAGTTAGTCCAGA
GGTGTCACGGTGCTTGCGGCGACGCGTCTGCCGCGGTACTCCTACGGCTCCGTGTTGCAC
CGCGGCAGCCCAAGCGCCTCGGCAGCTGCAGCATAAGGCGTTTGAGCGGGTAGGTCCAT
GTGTCTCTGTCCTATTCATCGCGGTAGCTGATCCAGTAGCTGGTAGGCGGTGCGCTTCGG
TGTAGGTTGAACTAGCAGATTTCCCGGGCAATGCGTGTGGCAGCCCAAGCTGAACAGGG
CAGGTGGTGGCTGGGACGATGCTCCCGCGCAGGAACGATGCTCCCGCGCACCTCACACT
CATGCTCAAGGTTGACGCCCCGATTGGGGATTTTTGTGCAGGTGTTAAAGCTATGCCCCG
TACTTGGGGTGTGTTCGCCGTGTGGCGTGAAGGCGTGAAGTTACTCCTTGAATTTGAGAC
ATAGACAGGTGGTGCAGCGCGTGAAGCGCGTGTCAAGGCTGCGCGCAGCCCATGTAAG

GTCCGAGATGC

With the following coding sequence

>PGD1_CDC_3354 bp

(SEQ ID NO: 27)
ATGAGCCAGCTATTGTCGCACTTTGTGAGGGT TCCGACGTTTGCGTCGCCAGACCAGGTC
CTGCGTGAGGCGAGGGACAAGGAGCGCGAGCTGCAGAACGCGAGGGCGCCCACGGATG
TCAGCGGATTTCTTGCGCCCGTTGGCGTTTGGGAGC TGAAGCACCTGCGCAAGCTGTCGT
CCCTTACCAGCCTTACCTACTACATGCACCTGGTGACGCCCCGGCGGCTGCAGCTGATGC

ACGGGCTGGACCTGGTGGTGACCAGCCGCGCCTGCGACGTGCGGCCGTACGAGCACAA

CCGCACCGCCGAGGAGTGCGGTGCCGACGGCGACGGCATGGCCGTCTCGTTCGCCGAGG
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CGCGCCAGGTGTATGCCGAGC TGAAGCGCGGCACGEGCGECGCCAGCGGCAGCGGTAG

CAACGGGGCGGCGGCGGECGCCEETGGCEGETGGCGGCGGGCGTGTCCAACATCGTGGCG
CTGCCGCGCGAGCTGCCGTTCGTGCCGCTTCCCGGCGGCGCGACGGAGGGTGGCGAGGC
GGGAGCGGAGGCCGCCGCCGGGGECGGCGEGCAGCAGCCGCAGCCGCAGCTGGGGAAGG
CACCGGGCCGGGGGCCCAGGGGCAGGGGGCAGGGGGCCTACAGCTGCCGTTGGCCTCG
ACCGAGGCCATCGGCCGCATGCTGCGCAGCCCGGCGGAGGTGGTGTCGGCAAAGCTTGC
TGAGGCGGCCCTGGCGGCCTCGGCCGCCGCCGCCGCCAGCCCGCTCGGCGCCGCCGLCE
AGAGCTTTTACGCTGGGCTGGCCTCGCTGCCCATCCCGCTGGCCGGCGGCCTGGTGGGT
GCCAACAACAAGGCCGCCAACACACTGCTGGCGCCGCCGAACGGGGCGGCGGCCAGCA
GCAGTGGCGGCGGTGGTGGTAGCGGTGGCGCGGCGGCAGCGTCTGAGGTTGTGGGCTC
GTCGCGGGGCGCCCAGGGAGCGGACCCTGCGGACCCCGGCGCACCCAACACCAGLGGL
AAGGCCACTGCCGCCTCCATCGCGGCCATGGCAACTGCCGAGCTGCGCTCCCGCCGCCT
GGGCGGCACCGGTCCTGCCAAGACGGGGGGCAGCGGCGCCGCCAGCAGCGGCAGCAGT
AGCGGCGGTATTGGTGCGGGTGGCATGGCGCCAGTAACGGCTGGCGGCATGCGTTTGTC
ACCCGCCGCCACCGCCTTCTCCGCCCCTCCCGCTGCCACCGTCTCCTCCCTGGCCTCCAL
GGACGCCGGGACTGCGCTGGTGCCGGTGGCTTCATCCTCGGCGGCTTCCCTCACCTTCTC
CTCCAGCTCTGCCTACTCCTGCCCCTCAGAATGGTTTGTGGTGGACGACCCTGCCTCGGC
CACACGCATCTTCGTCATCCAGGGCTCGGACACGCTGGACCACTGGAAGCTGAACCTGA
CGTTCGACCCGGTGGTGTTTGAGGAGCCGGCCCTGGGCGTCAAGGTGCACCGCGGCGTG
TACGAGGCGGCGCTGGTGCTGTACGAGCGCTTCCTGCCGCTGGTGTACGAACACCTGGA
GGCGTCGCCCTTCTCCAAGGTCACCTTCACGGGCCATTCCATCGGTGGCTCCATGGCCAC
GCTGCTGATGCTCATGTACCGCAACCGGGGCGTGCTGCCGCCGCACTCCATCGCCACCG
TCTACACCTTTGGCGCGCCCGCCGTGTTCTGCCAGCAGCAGCAACCGGCCGTAGCCGAC
GCCTCTTCGGCCTGCTGCAACGGCAGTAGCAGCAACGGCAGTAGCACGCCCGCCAGCGG
CAGCTCCAGCCCGAGGAGCGGCAGCCCCGGCTCAGCCTCGGCCTCGTCGCTGCCGGCCG
GCAGTGGCAGCGGTGCCGGCGGCATGTCGCTGTGGGCGCTGGGCCTGAGCGGCTTTGGC
ATGGGCGGCGCCAGTCTGGCCGGCGGCGGCAGCACCAGCGCCCCTAGCAGTACCGCCG
GCCTGGCGAGTGTGGACGGCGGCGCCGTGGCGGCTGGCGGCGGCGGCAGCGGCTTCAA
CTCATCAGGGCTGGGCTTCATGAGCGT CGAGGACCCCCAGGCGGTCTCGATGCCGCCGG
GCGCCGCCCAGGCGCCCTCGCCCGCGTCCGCGCCGGCGCCCACCGCCGGCCCCGGCCAL
AACAGCCACAGCAGCCACAGCAAGGCCGGCCCCGCCGCCGCCAAGAGCTGCGCCTGCG
GTGTTGACGGGCTGCTGACGCGGCTGGGGCTGGCGCCGCACGTGGTGCGCAACGTGGTG
ATGGCGCGGGACGTGGTGCCGCGCGCCTTCGCGTGCGACTACAGCCTGGTGGCGGACAT
CCTCAAGGGCTGGGGGCCGGCCTTCCGGGAGCACTGCTGCCTCAACAGGCACGGCCGCA
AGCACCTGTACTACTTCGTGGGGCGCATGTGCATCCTGCAGCCGGACGCCTGGCACAGC
TTCGTGGGCGGCGACCCGGAGCACCCCATGCTGCCGCCCGGCCCCGAGCTGTACGCGCT
GGCGGAGCCCGAGGACGCCGCCGCTGCCCGCGCCCACTACCCCGCCCTGTCCGACCTGE
CCATCCTCAACGCCGTCACCAGCAATGGCCACACCCGCGGCAGCGGCGGCAACGGCGCC

AACGCCGCCGTCAACGCCGCCGTCAACGCCTCCGGCCCCAGCGCCGCCGCCTCCGGCGG
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CGGCGGCGGCTCGCAGCAGCCGACCGCGGCGGCTGCTGTGCCGTCCACCGCCAACTTCG
GCACGGCGCTGGTGGCGTCGGCGGCGCAGCGGGAGCGCGACGCGCGCGEGCGGCGGCTC
TCGTCTGCAGCCGCGCAGTGTGGTGGAGGCGGTGTGGGAGATCATGGACAACCCGCACC
CTCTGGAGACACTGGCGGACCCGGGCGCCTACCTGGCCTCCGGCAGCATCTCCCGCTAC
CACAACCCGGAGCACTACACCAAGGCGCTGGGCCGCCTGACGCACCTGAAGCGGCTGG
CGGAGCGGCGGCAGCACCCGCACGGCCAGGCGCAGCAGAAGCAGGCGCAGCCGCAGGC
CGGCGAGGGCGGCATCCGCAGCATGTTCGCGGGGCGCAACATCCGCAGCTTTGGCGGCG
GTGTGCGCAGCGGCAGCGGCAGTGGCAGCGCCGGCCGGCGEGGGGCTGCTGCACCAGCA
GGCGGCCTCCAACGGCACCGCGGCTGACGCGGTGCTGGCCAGTGGCGCCGCCGGCGCG
GCCGCCGCGGCCTGGGGCAGCGCGCCGCAGCTGGCGGACCTGGTGAGCGGCAACGGCG
GCCGCGCGAGTGCGGGCTACGAGGGCGGCGTGTGGGACAGCAGTGACGGGCTGGACCT
GCACCTCAGCGACTTCATGGGCGCCTCCGCGGTGGGCGCCGCCGACCCACACGCCTGCC

GGTGA

See also Accession No. EDP03131 having SEQ ID NO:2:

1msgllshfvr vptfaspdgv lreardkere lgnaraptdv sgflapvgvw elkhlrklss

61l1ltsltyymhl vtprrlglmh gldlvvtsra cdvrpyehnr taeecgadgd gmavsfaear
121 ggadpadpga pntsgkataa siaamatael rsrrlggtew fvvddpasat rifviggsdt
181 1dhwklnitf dpvvfeepal gvkvhrgvye aalvlyerfl plvyehleas pfskvtftgh
241 siggsmatll mlmyrnrgvl pphsiatvyt fgapavfcqgq ggpascacgv dglltrlgla
301l phvvrnvvma rdvvprafac dyslvadilk gwgpafrehc clnrhgrkhl yyfvgrmecil
361 gpdawhsfvg gdpehpmlpp gpelyalaep edaaaarahy palsdlpiln avveavweim
421 dnphpletla dpgaylasgs isryhnpehy tkalgrlthl krlaerrghp hggaggkgag
481 pgageggirs mfagrnirsf gggvrsgsgs gsagrrgllh ggqaasngtaa davlasgaag
541 aaaaawgsap gladlvsgng grasagyegg vwdssdgldl hlsdfmgasa vgaadphacr

or XP_001693105 having SEQ ID NO: 3:
1msgllshfvr vptfaspdgv lreardkere lgnaraptdv sgflapvgvw elkhlrklss

61l1ltsltyymhl vtprrlglmh gldlvvtsra cdvrpyehnr taeecgadgd gmavsfaear
121 ggadpadpga pntsgkataa siaamatael rsrrlggtew fvvddpasat rifviggsdt
181 1dhwklnltf dpvvfeepal gvkvhrgvye aalvlyerfl plvyehleas pfskvtftgh
241 siggsmatll mlmyrnrgvl pphsiatvyt fgapavfcqgq ggpascacgv dglltrlgla
301l phvvrnvvma rdvvprafac dyslvadilk gwgpafrehc clnrhgrkhl yyfvgrmecil
361 gpdawhsfvg gdpehpmlpp gpelyalaep edaaaarahy palsdlpiln avveavweim
421 dnphpletla dpgaylasgs isryhnpehy tkalgrlthl krlaerrghp hggaggkgag
481 pgageggirs mfagrnirsf gggvrsgsgs gsagrrgllh ggqaasngtaa davlasgaag

541 aaaaawgsap gladlvsgng grasagyegg vwdssdgldl hlsdfmgasa vgaadphacr
60

Exemplary homologs to SEQ ID NOs. 1-3 include but are REFERENCES
not limited to those having Accession Nos. EIE241331,
XP_002957248, XP_001766893.1,  XP_02876633.1,
XP_01757678.1, NP_101727.2, EEC71102, CBI369301, or ¢s Aslanidis, C. and de Jong, P. J. (1990) Ligation-independent
XP_0033535965, the disclosures of which are incorporated cloning of PCR products (LIC-PCR). Nucleic Acids Res.
by reference herein. 18:6069-6074.
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SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 27

<210> SEQ ID NO 1

<211> LENGTH: 1117

<212> TYPE: PRT

<213> ORGANISM: Chlamydomonas reinhardtii
<400> SEQUENCE: 1

Met Ser Gln Leu Leu Ser His Phe Val Arg Val Pro Thr Phe Ala Ser
1 5 10 15

Pro Asp Gln Val Leu Arg Glu Ala Arg Asp Lys Glu Arg Glu Leu Gln
20 25 30

Asn Ala Arg Ala Pro Thr Asp Val Ser Gly Phe Leu Ala Pro Val Gly
35 40 45

Val Trp Glu Leu Lys His Leu Arg Lys Leu Ser Ser Leu Thr Ser Leu
Thr Tyr Tyr Met His Leu Val Thr Pro Arg Arg Leu Gln Leu Met His
65 70 75 80

Gly Leu Asp Leu Val Val Thr Ser Arg Ala Cys Asp Val Arg Pro Tyr
85 90 95

Glu His Asn Arg Thr Ala Glu Glu Cys Gly Ala Asp Gly Asp Gly Met
100 105 110

Ala Val Ser Phe Ala Glu Ala Arg Gln Val Tyr Ala Glu Leu Lys Arg
115 120 125

Gly Thr Gly Gly Ala Ser Gly Ser Gly Ser Asn Gly Ala Ala Ala Ala
130 135 140

Pro Val Ala Val Ala Ala Gly Val Ser Asn Ile Val Ala Leu Pro Arg
145 150 155 160

Glu Leu Pro Phe Val Pro Leu Pro Gly Gly Ala Thr Glu Gly Gly Glu
165 170 175

Ala Gly Ala Glu Ala Ala Ala Gly Ala Ala Ala Ala Ala Ala Ala Ala
180 185 190

Ala Gly Glu Gly Thr Gly Pro Gly Ala Gln Gly Gln Gly Ala Gly Gly
195 200 205

Leu Gln Leu Pro Leu Ala Ser Thr Glu Ala Ile Gly Arg Met Leu Arg
210 215 220

Ser Pro Ala Glu Val Val Ser Ala Lys Leu Ala Glu Ala Ala Leu Ala
225 230 235 240

Ala Ser Ala Ala Ala Ala Ala Ser Pro Leu Gly Ala Ala Ala Glu Ser
245 250 255

Phe Tyr Ala Gly Leu Ala Ser Leu Pro Ile Pro Leu Ala Gly Gly Leu
260 265 270

Val Gly Ala Asn Asn Lys Ala Ala Asn Thr Leu Leu Ala Pro Pro Asn
275 280 285

Gly Ala Ala Ala Ser Ser Ser Gly Gly Gly Gly Gly Ser Gly Gly Ala
290 295 300

Ala Ala Ala Ser Glu Val Val Gly Ser Ser Arg Gly Ala Gln Gly Ala
305 310 315 320

Asp Pro Ala Asp Pro Gly Ala Pro Asn Thr Ser Gly Lys Ala Thr Ala
325 330 335

Ala Ser Ile Ala Ala Met Ala Thr Ala Glu Leu Arg Ser Arg Arg Leu
340 345 350

Gly Gly Thr Gly Pro Ala Lys Thr Gly Gly Ser Gly Ala Ala Ser Ser
355 360 365
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Gly

Ala

385

Pro

Leu

Ser

Ala

His

465

Ala

Leu

Pro

Ala

His

545

Gln

Gly

Pro

Gly

Ser

625

Ser

Phe

Ala

Gly

705

Lys

Ala

Arg

Trp

Lys

Ser

370

Gly

Ala

Val

Ser

Ser

450

Trp

Leu

Tyr

Phe

Thr

530

Ser

Gln

Ser

Arg

Ser

610

Gly

Ala

Ala

Met

Gln

690

His

Ser

Pro

Ala

Gly
770

His

Ser

Gly

Ala

Pro

Ala

435

Ala

Lys

Gly

Glu

Ser

515

Leu

Ile

Gln

Ser

Ser

595

Gly

Phe

Pro

Ala

Ser

675

Ala

Asn

Cys

His

Phe
755

Pro

Leu

Ser

Met

Thr

Val

420

Tyr

Thr

Leu

Val

Arg

500

Lys

Leu

Ala

Gln

Ser

580

Gly

Ser

Gly

Ser

Gly

660

Val

Pro

Ser

Ala

Val
740
Ala

Ala

Tyr

Gly

Arg

Val

405

Ala

Ser

Arg

Asn

Lys

485

Phe

Val

Met

Thr

Pro

565

Asn

Ser

Gly

Met

Ser

645

Gly

Glu

Ser

His

Cys

725

Val

Cys

Phe

Tyr

Gly

Leu

390

Ser

Ser

Cys

Ile

Leu

470

Val

Leu

Thr

Leu

Val

550

Ala

Gly

Pro

Ala

Gly

630

Thr

Gly

Asp

Pro

Ser

710

Gly

Arg

Asp

Arg

Phe

Ile

375

Ser

Ser

Ser

Pro

Phe

455

Thr

His

Pro

Phe

Met

535

Tyr

Val

Ser

Gly

Gly

615

Gly

Ala

Gly

Pro

Ala

695

Ser

Val

Asn

Tyr

Glu
775

Val

Gly

Pro

Leu

Ser

Ser

440

Val

Phe

Arg

Leu

Thr

520

Tyr

Thr

Ala

Ser

Ser

600

Gly

Ala

Gly

Ser

Gln

680

Ser

His

Asp

Val

Ser
760

His

Gly

Ala

Ala

Ala

Ala

425

Glu

Ile

Asp

Gly

Val

505

Gly

Arg

Phe

Asp

Thr

585

Ala

Met

Ser

Leu

Gly

665

Ala

Ala

Ser

Gly

Val
745
Leu

Cys

Arg

Gly

Ala

Ser

410

Ala

Trp

Gln

Pro

Val

490

Tyr

His

Asn

Gly

Ala

570

Pro

Ser

Ser

Leu

Ala

650

Phe

Val

Pro

Lys

Leu

730

Met

Val

Cys

Met

Gly

Thr

395

Thr

Ser

Phe

Gly

Val

475

Tyr

Glu

Ser

Arg

Ala

555

Ser

Ala

Ala

Leu

Ala

635

Ser

Asn

Ser

Ala

Ala

715

Leu

Ala

Ala

Leu

Cys

Met

380

Ala

Asp

Leu

Val

Ser

460

Val

Glu

His

Ile

Gly

540

Pro

Ser

Ser

Ser

Trp

620

Gly

Val

Ser

Met

Pro

700

Gly

Thr

Arg

Asp

Asn
780

Ile

Ala

Phe

Ala

Thr

Val

445

Asp

Phe

Ala

Leu

Gly

525

Val

Ala

Ala

Gly

Ser

605

Ala

Gly

Asp

Ser

Pro

685

Thr

Pro

Arg

Asp

Ile
765

Arg

Leu

Pro

Ser

Gly

Phe

430

Asp

Thr

Glu

Ala

Glu

510

Gly

Leu

Val

Cys

Ser

590

Leu

Leu

Gly

Gly

Gly

670

Pro

Ala

Ala

Leu

Val
750
Leu

His

Gln

Val

Ala

Thr

415

Ser

Asp

Leu

Glu

Leu

495

Ala

Ser

Pro

Phe

Cys

575

Ser

Pro

Gly

Ser

Gly

655

Leu

Gly

Gly

Ala

Gly

735

Val

Lys

Gly

Pro

Thr

Pro

400

Ala

Ser

Pro

Asp

Pro

480

Val

Ser

Met

Pro

Cys

560

Asn

Ser

Ala

Leu

Thr

640

Ala

Gly

Ala

Pro

Ala

720

Leu

Pro

Gly

Arg

Asp
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785 790 795 800

Ala Trp His Ser Phe Val Gly Gly Asp Pro Glu His Pro Met Leu Pro
805 810 815

Pro Gly Pro Glu Leu Tyr Ala Leu Ala Glu Pro Glu Asp Ala Ala Ala
820 825 830

Ala Arg Ala His Tyr Pro Ala Leu Ser Asp Leu Pro Ile Leu Asn Ala
835 840 845

Val Thr Ser Asn Gly His Thr Arg Gly Ser Gly Gly Asn Gly Ala Asn
850 855 860

Ala Ala Val Asn Ala Ala Val Asn Ala Ser Gly Pro Ser Ala Ala Ala
865 870 875 880

Ser Gly Gly Gly Gly Gly Ser Gln Gln Pro Thr Ala Ala Ala Ala Val
885 890 895

Pro Ser Thr Ala Asn Phe Gly Thr Ala Leu Val Ala Ser Ala Ala Gln
900 905 910

Arg Glu Arg Asp Ala Arg Gly Gly Gly Ser Arg Leu Gln Pro Arg Ser
915 920 925

Val Val Glu Ala Val Trp Glu Ile Met Asp Asn Pro His Pro Leu Glu
930 935 940

Thr Leu Ala Asp Pro Gly Ala Tyr Leu Ala Ser Gly Ser Ile Ser Arg
945 950 955 960

Tyr His Asn Pro Glu His Tyr Thr Lys Ala Leu Gly Arg Leu Thr His
965 970 975

Leu Lys Arg Leu Ala Glu Arg Arg Gln His Pro His Gly Gln Ala Gln
980 985 990

Gln Lys Gln Ala Gln Pro Gln Ala Gly Glu Gly Gly Ile Arg Ser Met
995 1000 1005

Phe Ala Gly Arg Asn Ile Arg Ser Phe Gly Gly Gly Val Arg Ser Gly
1010 1015 1020

Ser Gly Ser Gly Ser Ala Gly Arg Arg Gly Leu Leu His Gln Gln Ala
1025 1030 1035 1040

Ala Ser Asn Gly Thr Ala Ala Asp Ala Val Leu Ala Ser Gly Ala Ala
1045 1050 1055

Gly Ala Ala Ala Ala Ala Trp Gly Ser Ala Pro Gln Leu Ala Asp Leu
1060 1065 1070

Val Ser Gly Asn Gly Gly Arg Ala Ser Ala Gly Tyr Glu Gly Gly Val
1075 1080 1085

Trp Asp Ser Ser Asp Gly Leu Asp Leu His Leu Ser Asp Phe Met Gly
1090 1095 1100

Ala Ser Ala Val Gly Ala Ala Asp Pro His Ala Cys Arg
1105 1110 1115

<210> SEQ ID NO 2

<211> LENGTH: 600

<212> TYPE: PRT

<213> ORGANISM: Chlamydomonas reinhardtii

<400> SEQUENCE: 2

Met Ser Gln Leu Leu Ser His Phe Val Arg Val Pro Thr Phe Ala Ser
1 5 10 15

Pro Asp Gln Val Leu Arg Glu Ala Arg Asp Lys Glu Arg Glu Leu Gln
20 25 30

Asn Ala Arg Ala Pro Thr Asp Val Ser Gly Phe Leu Ala Pro Val Gly
35 40 45
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56

Thr

65

Gly

Glu

Ala

Gly

Met

145

Phe

Gly

Tyr

Glu

225

Ser

Arg

Ala

Gly

Arg

305

Asp

Arg

Phe

Tyr
385
Pro

Trp

Gly

Glu

Trp

Tyr

Leu

His

Val

Ala

130

Ala

Val

Ser

Val

Glu

210

His

Ile

Gly

Pro

Val

290

Asn

Tyr

Glu

Val

Gly

370

Ala

Ala

Glu

Ala

Tyr
450

Arg

Glu

Tyr

Asp

Asn

Ser

115

Pro

Thr

Val

Asp

Phe

195

Ala

Leu

Gly

Val

Ala

275

Asp

Val

Ser

His

Gly

355

Gly

Leu

Leu

Ile

Tyr
435

Thr

Arg

Leu

Met

Leu

Arg

100

Phe

Asn

Ala

Asp

Thr

180

Glu

Ala

Glu

Gly

Leu

260

Val

Gly

Val

Leu

Cys

340

Arg

Asp

Ala

Ser

Met
420
Leu

Lys

Gln

Lys

His

Val

85

Thr

Ala

Thr

Glu

Asp

165

Leu

Glu

Leu

Ala

Ser

245

Pro

Phe

Leu

Met

Val

325

Cys

Met

Pro

Glu

Asp

405

Asp

Ala

Ala

His

His

Leu

70

Val

Ala

Glu

Ser

Leu

150

Pro

Asp

Pro

Val

Ser

230

Met

Pro

Cys

Leu

Ala

310

Ala

Leu

Cys

Glu

Pro

390

Leu

Asn

Ser

Leu

Pro

Leu

55

Val

Thr

Glu

Ala

Gly

135

Arg

Ala

His

Ala

Leu

215

Pro

Ala

His

Gln

Thr

295

Arg

Asp

Asn

Ile

His

375

Glu

Pro

Pro

Gly

Gly

455

His

Arg

Thr

Ser

Glu

Arg

120

Lys

Ser

Ser

Trp

Leu

200

Tyr

Phe

Thr

Ser

Gln

280

Arg

Asp

Ile

Arg

Leu

360

Pro

Asp

Ile

His

Ser
440

Arg

Gly

Lys

Pro

Arg

Cys

105

Gln

Ala

Arg

Ala

Lys

185

Gly

Glu

Ser

Leu

Ile

265

Gln

Leu

Val

Leu

His

345

Gln

Met

Ala

Leu

Pro
425
Ile

Leu

Gln

Leu

Arg

Ala

90

Gly

Gly

Thr

Arg

Thr

170

Leu

Val

Arg

Lys

Leu

250

Ala

Gln

Gly

Val

Lys

330

Gly

Pro

Leu

Ala

Asn

410

Leu

Ser

Thr

Ala

Ser

Arg

75

Cys

Ala

Ala

Ala

Leu

155

Arg

Asn

Lys

Phe

Val

235

Met

Thr

Pro

Leu

Pro

315

Gly

Arg

Asp

Pro

Ala

395

Ala

Glu

Arg

His

Gln

Ser

60

Leu

Asp

Asp

Asp

Ala

140

Gly

Ile

Leu

Val

Leu

220

Thr

Leu

Val

Ala

Ala

300

Arg

Trp

Lys

Ala

Pro

380

Ala

Val

Thr

Tyr

Leu
460

Gln

Leu

Gln

Val

Gly

Pro

125

Ser

Gly

Phe

Thr

His

205

Pro

Phe

Met

Tyr

Ser

285

Pro

Ala

Gly

His

Trp

365

Gly

Arg

Val

Leu

His
445

Lys

Lys

Thr

Leu

Arg

Asp

110

Ala

Ile

Thr

Val

Phe

190

Arg

Leu

Thr

Tyr

Thr

270

Cys

His

Phe

Pro

Leu

350

His

Pro

Ala

Glu

Ala

430

Asn

Arg

Gln

Ser

Met

Pro

95

Gly

Asp

Ala

Glu

Ile

175

Asp

Gly

Val

Gly

Arg

255

Phe

Ala

Val

Ala

Ala

335

Tyr

Ser

Glu

His

Ala

415

Asp

Pro

Leu

Ala

Leu

His

80

Tyr

Met

Pro

Ala

Trp

160

Gln

Pro

Val

Tyr

His

240

Asn

Gly

Cys

Val

Cys

320

Phe

Tyr

Phe

Leu

Tyr

400

Val

Pro

Glu

Ala

Gln



57

US 9,315,838 B2

-continued

58

465

Pro

Ile

Ala

Ala

Ala

545

Gly

Gly

Ala

<210>
<211>
<212>
<213>

<400>

Gln

Arg

Gly

Ala

530

Trp

Arg

Leu

Ala

Ala

Ser

Arg

515

Asp

Gly

Ala

Asp

Asp
595

Gly

Phe

500

Arg

Ala

Ser

Ser

Leu

580

Pro

PRT

SEQUENCE :

Met Ser Gln Leu

1

Pro

Asn

Thr

65

Gly

Glu

Ala

Gly

Met

145

Phe

Gly

Tyr

Glu
225

Asp

Ala

Trp

50

Tyr

Leu

His

Val

Ala

130

Ala

Val

Ser

Val

Glu

210

His

Gln

Arg

35

Glu

Tyr

Asp

Asn

Ser

115

Pro

Thr

Val

Asp

Phe

195

Ala

Leu

Val

20

Ala

Leu

Met

Leu

Arg

100

Phe

Asn

Ala

Asp

Thr

180

Glu

Ala

Glu

Glu

485

Gly

Gly

Val

Ala

Ala

565

His

His

SEQ ID NO 3
LENGTH:
TYPE :
ORGANISM: Chlamydomonas reinhardtii

600

3

Leu

5

Leu

Pro

Lys

His

Val

85

Thr

Ala

Thr

Glu

Asp

165

Leu

Glu

Leu

Ala

470

Gly

Gly

Leu

Leu

Pro

550

Gly

Leu

Ala

Ser

Arg

Thr

His

Leu

70

Val

Ala

Glu

Ser

Leu

150

Pro

Asp

Pro

Val

Ser
230

Gly

Gly

Leu

Ala

535

Gln

Tyr

Ser

Cys

His

Glu

Asp

Leu

55

Val

Thr

Glu

Ala

Gly

135

Arg

Ala

His

Ala

Leu
215

Pro

Ile

Val

His

520

Ser

Leu

Glu

Asp

Arg
600

Phe

Ala

Val

40

Arg

Thr

Ser

Glu

Arg

120

Lys

Ser

Ser

Trp

Leu

200

Tyr

Phe

Arg

Arg

505

Gln

Gly

Ala

Gly

Phe
585

Val

Arg

25

Ser

Lys

Pro

Arg

Cys

105

Gln

Ala

Arg

Ala

Lys
185
Gly

Glu

Ser

Ser

490

Ser

Gln

Ala

Asp

Gly

570

Met

Arg

Asp

Gly

Leu

Arg

Ala

90

Gly

Gly

Thr

Arg

Thr

170

Leu

Val

Arg

Lys

475

Met

Gly

Ala

Ala

Leu

555

Val

Gly

Val

Lys

Phe

Ser

Arg

Cys

Ala

Ala

Ala

Leu

155

Arg

Asn

Lys

Phe

Val
235

Phe

Ser

Ala

Gly

540

Val

Trp

Ala

Pro

Glu

Leu

Ser

60

Leu

Asp

Asp

Asp

Ala

140

Gly

Ile

Leu

Val

Leu

220

Thr

Ala

Gly

Ser

525

Ala

Ser

Asp

Ser

Thr

Arg

Ala

45

Leu

Gln

Val

Gly

Pro

125

Ser

Gly

Phe

Thr

His
205

Pro

Phe

Gly

Ser

510

Asn

Ala

Gly

Ser

Ala
590

Phe

Glu

30

Pro

Thr

Leu

Arg

Asp

110

Ala

Ile

Thr

Val

Phe
190
Arg

Leu

Thr

Arg

495

Gly

Gly

Ala

Asn

Ser

575

Val

Ala

Leu

Val

Ser

Met

Pro

95

Gly

Asp

Ala

Glu

Ile

175

Asp

Gly

Val

Gly

480

Asn

Ser

Thr

Ala

Gly

560

Asp

Gly

Ser

Gln

Gly

Leu

His

Tyr

Met

Pro

Ala

Trp

160

Gln

Pro

Val

Tyr

His
240
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60

Ser

Arg

Ala

Gly

Arg

305

Asp

Arg

Phe

Tyr
385
Pro

Trp

Gly

Glu

465

Pro

Ile

Ala

Ala

Ala

545

Gly

Gly

Ala

<210>
<211>
<212>
<213>
<220>
<223>

<400>

Ile

Gly

Pro

Val

290

Asn

Tyr

Glu

Val

Gly

370

Ala

Ala

Glu

Ala

Tyr

450

Arg

Gln

Arg

Gly

Ala

530

Trp

Arg

Leu

Ala

Gly

Val

Ala

275

Asp

Val

Ser

His

Gly

355

Gly

Leu

Leu

Ile

Tyr

435

Thr

Arg

Ala

Ser

Arg

515

Asp

Gly

Ala

Asp

Asp
595

Gly

Leu

260

Val

Gly

Val

Leu

Cys

340

Arg

Asp

Ala

Ser

Met

420

Leu

Lys

Gln

Gly

Phe

500

Arg

Ala

Ser

Ser

Leu

580

Pro

SEQUENCE :

Ser

245

Pro

Phe

Leu

Met

Val

325

Cys

Met

Pro

Glu

Asp

405

Asp

Ala

Ala

His

Glu

485

Gly

Gly

Val

Ala

Ala

565

His

His

SEQ ID NO 4
LENGTH:
TYPE: DNA
ORGANISM: Artificial Sequence
FEATURE:
OTHER INFORMATION: A synthetic oligonucleotide primer

20

4

Met

Pro

Cys

Leu

Ala

310

Ala

Leu

Cys

Glu

Pro

390

Leu

Asn

Ser

Leu

Pro

470

Gly

Gly

Leu

Leu

Pro

550

Gly

Leu

Ala

Ala

His

Gln

Thr

295

Arg

Asp

Asn

Ile

His

375

Glu

Pro

Pro

Gly

Gly

455

His

Gly

Gly

Leu

Ala

535

Gln

Tyr

Ser

Cys

Thr

Ser

Gln

280

Arg

Asp

Ile

Arg

Leu

360

Pro

Asp

Ile

His

Ser

440

Arg

Gly

Ile

Val

His

520

Ser

Leu

Glu

Asp

Arg
600

Leu

Ile

265

Gln

Leu

Val

Leu

His

345

Gln

Met

Ala

Leu

Pro

425

Ile

Leu

Gln

Arg

Arg

505

Gln

Gly

Ala

Gly

Phe
585

Leu

250

Ala

Gln

Gly

Val

Lys

330

Gly

Pro

Leu

Ala

Asn

410

Leu

Ser

Thr

Ala

Ser

490

Ser

Gln

Ala

Asp

Gly

570

Met

Met

Thr

Pro

Leu

Pro

315

Gly

Arg

Asp

Pro

Ala

395

Ala

Glu

Arg

His

Gln

475

Met

Gly

Ala

Ala

Leu

555

Val

Gly

Leu Met Tyr

Val

Ala

Ala

300

Arg

Trp

Lys

Ala

Pro

380

Ala

Val

Thr

Tyr

Leu

460

Gln

Phe

Ser

Ala

Gly

540

Val

Trp

Ala

Tyr

Ser

285

Pro

Ala

Gly

His

Trp

365

Gly

Arg

Val

Leu

His

445

Lys

Lys

Ala

Gly

Ser

525

Ala

Ser

Asp

Ser

Thr

270

Cys

His

Phe

Pro

Leu

350

His

Pro

Ala

Glu

Ala

430

Asn

Arg

Gln

Gly

Ser

510

Asn

Ala

Gly

Ser

Ala
590

Arg

255

Phe

Ala

Val

Ala

Ala

335

Tyr

Ser

Glu

His

Ala

415

Asp

Pro

Leu

Ala

Arg

495

Gly

Gly

Ala

Asn

Ser

575

Val

Asn

Gly

Cys

Val

Cys

320

Phe

Tyr

Phe

Leu

Tyr

400

Val

Pro

Glu

Ala

Gln

480

Asn

Ser

Thr

Ala

Gly

560

Asp

Gly
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61

-continued

62

accaacatct tecgtggacct

<210> SEQ ID NO 5

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: A synthetic oligonucleotide primer

<400> SEQUENCE: 5

ctcectegaac acctcgaagt

<210> SEQ ID NO 6

<211> LENGTH: 61

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: A synthetic oligonucleotide primer
<221> NAME/KEY: misc_feature

<222> LOCATION: (1)...(61)

<223> OTHER INFORMATION: n = A, T,C or G

<400> SEQUENCE: 6
cacgacacgce tactcaacac accacctege acagegtect caageggecg cnnnnnngca

t

<210> SEQ ID NO 7

<211> LENGTH: 61

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: A synthetic oligonucleotide primer
<221> NAME/KEY: misc_feature

<222> LOCATION: (1)...(61)

<223> OTHER INFORMATION: n = A, T,C or G

<400> SEQUENCE: 7

cacgacacgce tactcaacac accacctege acagegtect caageggecg cnnnnnngca

g

<210> SEQ ID NO 8

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: A synthetic oligonucleotide primer

<400> SEQUENCE: 8

cacgacacgce tactcaacac

<210> SEQ ID NO 9

<211> LENGTH: 24

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: A synthetic oligonucleotide primer

<400> SEQUENCE: 9

actcaacaca ccacctegea cagc

<210> SEQ ID NO 10

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: A synthetic oligonucleotide primer

20

20

60

61

60

61

20

24
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64

<400>

SEQUENCE: 10

actgctegee ttcaccttee

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 11
LENGTH: 20
TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: A synthetic oligonucleotide primer

SEQUENCE: 11

ctggatctet cecggetteac

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 12
LENGTH: 19
TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: A synthetic oligonucleotide primer

SEQUENCE: 12

ataggggtte cgcgeacat

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 13
LENGTH: 19
TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: A synthetic oligonucleotide primer

SEQUENCE: 13

ccgaaaagtyg ccacctgac

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 14
LENGTH: 20
TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: A synthetic oligonucleotide primer

SEQUENCE: 14

gtcatcccat ggaagettgg

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 15
LENGTH: 20
TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: A synthetic oligonucleotide primer

SEQUENCE: 15

acatcgtgaa tggcaaaaca

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 16
LENGTH: 20
TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: A synthetic oligonucleotide primer

SEQUENCE: 16

attgcgeggyg tttagaactt

<210>

SEQ ID NO 17

20

20

19

19

20

20

20
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-continued

66

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: A synthetic oligonucleotide primer

<400> SEQUENCE: 17

agccagctat tgtcgeactt

<210> SEQ ID NO 18

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: A synthetic oligonucleotide primer

<400> SEQUENCE: 18

caagaaatcc gctgacatce

<210> SEQ ID NO 19

<211> LENGTH: 60

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: A synthetic oligonucleotide primer

<400> SEQUENCE: 19

tatccatatg acgttccaga ttacgetget cagtgeggec geatgageca gcetattgteg

<210> SEQ ID NO 20

<211> LENGTH: 60

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: A synthetic oligonucleotide primer

<400> SEQUENCE: 20

gaatttcgac ggtatcgggg ggatccacta gttctageta gatcaccgge aggegtgtgg

<210> SEQ ID NO 21

<211> LENGTH: 25

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: A synthetic oligonucleotide primer

<400> SEQUENCE: 21

ggatccgatyg agccagctat tgteg

<210> SEQ ID NO 22

<211> LENGTH: 24

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: A synthetic oligonucleotide primer

<400> SEQUENCE: 22

gtcgaccegg caggegtgtyg ggte

<210> SEQ ID NO 23

<211> LENGTH: 31

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: A synthetic oligonucleotide primer

<400> SEQUENCE: 23

20

20

60

60

25

24



US 9,315,838 B2
67

-continued

68

aaagaggcge gtcatgagece agetattgte g

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 24

LENGTH: 29

TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: A synthetic oligonucleotide primer

SEQUENCE: 24

cggaaggege gtcaccggca ggcegtgtgg

<210>
<211>
<212>
<213>

<400>

SEQ ID NO 25

LENGTH: 6661

TYPE: DNA

ORGANISM: Chlamydomonas reinhardtii

SEQUENCE: 25

cgtgaatgge aaaacaatag caacaatgca agegtacacce gggcaaacca agctteggece

tgggcgeggyg acagggagtg cegcteccac cgageccagg actegecacct gtgtagttac

aagagtgcta gcgccacctg aagegecagg aaggaggcecce cgtagegect cgtctcetgac

gcaagatggg caagcgtcge cegcacctte aacgccaacg acagcagcett ctgtgtggte

gagcaccact agctatatga gccagctatt gtegcacttt gtgagggtte cgacgtttge

gtcgecagac caggtgaget cageggtcegyg agatgetgac gtegetegge geacgectgg

ctcgacgage tgacggtgea cgeggagetyg gegtggecaa gttcetaaace cgegcaatcce

cggegttatg gcaatgegac aacgcaggte ctgegtgagg cgagggacaa ggagegcegag

ctgcagaacyg cgagggegece cacggatgte ageggattte ttgegecegt tggegtttgg

gagctgaage acctgcgcaa getgtegtee cttaccagece ttacctacta catgecacctg

gtgacggtga gtgcgcegtgt tggagagttyg gggcgegtge gtgegtgete getagecgec

gegtggegeyg taagegtgge gegegagegt tagccagggt tagectegeg ggtgttcaga

cctgecageceg ccgcagetge ggtgggtaag ggecagttgg ctetggageg gggcageggt

gttgcgegga gecgeggagg gttegagaag gaccgeceggg caggtecgece gtaacgecacyg

cagagggggt agctgecgaa ggttgttggg cgcagtggag gagtggttte ccggtacteg

gtaacgcacg ttgcccagac cccgccatca aaccaggact tgectgacag catcegecag

ggcctgeegyg cgtetgecgt gecgtgetge tgtgeteget cegtectatt tageatttec

tttegecctt ccttecctge ctectgaace ccectgecee tgtgeegace ccegcactac

ctaccteget ccecteccac agecceggeg getgeagetg atgecacggge tggacctggt

ggtgaccage cgegectgeg acgtgeggee gtacgagcac aaccgcaccyg ccgaggagtg

cggtgecgac ggcgacggca tggecgtete gttegecgag gegegecagg tgtatgecga

gctgaagcgc ggcacgggcg gcgccagcegyg cagcggtagc aacggggcgg cggcggcgcec

ggtggeggty geggegggeg tgtccaacat cgtggegetg cegegegage tgecgttegt

geegetteee ggeggegega cggagggtgg cgaggceggga gceggaggecg ccgecgggge

ggcggcagea gccgcagecg cagctgggga aggcaccggg ccgggggccec aggggcaggg

ggcaggggge ctacagctge cgttggecte gaccgaggece atcggecgca tgetgegeag

cceggeggag gtggtgtegg caaagettge tgaggeggece ctggeggect cggecgecge

cgecegecage ccgeteggeg cegecgecga gagettttac getgggetgg cctegetgece

31

29

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

1020

1080

1140

1200

1260

1320

1380

1440

1500

1560

1620

1680
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70

catccegetyg

gecgecgaac

ggcagegtet

cggegeacec

cgagctgege

cgccageage

tggcggcatg

cteeteccetyg

ggctteecte

ggacgaccct

taaggagttg

aagacagcgt

cagggctcgg

daggagecegy

tacgagcget

accttcacgg

aggactggaa

ggagttccaa

tgctgectee

gecacgetge

accgtctaca

gacgcetett

ggcagcteca

ggcagtggca

atgggcggcyg

ctggcgagtg

tcagggctgg

ggctgcaagg

ttegeegete

cceccaggeyg

ggcgcccace

cgcegecaag

gcacgtggtyg

ctacagcetyg

cctcaacagyg

gtggggcggy

cggggcaaca

gacctgtgge

cggecgcaag

gcacagcette

gccggceggcec

dgggeggegy

gaggttgtgg

aacaccagcg

tccegecgee

ggcagcagca

cgtttgtcac

gectecacgg

accttctect

gecteggeca

aggtgtgcgc

tctgatacta

acacgctgga

cectgggegt

tcctgecget

tgaggggttyg

gtaccaagce

gtggaccggg

atgcegtecg

tgatgctcat

cetttggege

cggectgetyg

gcecgaggag

geggtgcegg

ccagtetgge

tggacggcgg

gettcatgag

cggctactga

gtaacctatc

gtctegatge

geeggececyg

agctgegect

cgcaacgtygyg

gtggcggaca

tgggagcagg

tggcgegggg

atggceegeg

tcagttgetyg

cacctgtact

gtgggcggeg

tggtgggcge

ccagcagcag

getegtegeyg

gcaaggccac

tgggcggcac

geggeggtat

cecgecgecac

acgccgggac

ccagetetge

cacgcatctt

ctagaaagta

cggcaaaccc

ccactggaag

caaggtgcac

ggtgtacgaa

gaggggtggy

aggggtaagc

cactctacgg

ccececececcgac

gtaccgcaac

gecegeegty

caacggcagt

cggcagecec

cggcatgteg

¢ggeggegge

cgcegtggeg

cgtcgaggtg

gggacggaca

tgcaaaactc

cgccgggcege

gccacaacag

geggtgttga

tgatggcgcg

tcctcaaggy

gggggegtgt

dggacgeagy

gtcagggcgc

gcacgactga

acttcgtggyg

acccggagea

caacaacaag

tggcggegge

gggcgcccag

tgcecgectee

cggtectgee

tggtgcgggt

cgecttetee

tgcgetggtyg

ctactectge

cgtcatccag

aggaaatgeg

tcacaagcgyg

ctgaacctga

cgcggegtge

cacctggagyg

tggagaggtg

ggggtgggcy

cacctgtgee

ccteagggec

cggggcgtge

ttctgecage

agcagcaacg

ggctcagect

ctgtgggcgc

agcaccageg

getggeggeyg

cggccagggt

cgggctgtgt

actgtgtgtyg

cgceccaggeyg

ccacagcage

cgggctgctg

ggacgtggtyg

ctgggggcecyg

ggcgggegty

ctgcagetygyg

gggtgctgta

cacgacgeceg

gegeatgtge

ccccatgetyg

gecgecaaca cactgetgge

ggtggtageg gtggcgegge

ggagcggace ctgcggaccce

atcgcggeca tggcaactge

aagacggggyg gcageggege

ggcatggege cagtaacgge

gececteeeyg ctgccacegt

ceggtggett catcctegge

ccctcagaat ggtttgtggt

gtaggaaccg tgggaacctt

ggtaggtgaa tgcatgcaag

tactcgcgee gectccacaa

cgttcegacce ggtggtgttt

acgaggcggce getggtgetg

cgtegecett ctccaaggte

gettteagtt atctegecacg

ggagcgggge agactggaga

tgtgcctgac accgcacctyg

attccatecgg tggctcecatg

tgcegecgea ctecategec

agcagcaacc ggccgtagec

gcagtagcac gcccgecage

cggectegte getgeeggee

tgggcctgag cggetttgge

ccectageag taccgecgge

geggcagegyg cttcaactca

tggtetggga gggacggget

gttetggeat gtcaagcact

tcgtggtgtyg ccacgcagga

cecctegeeceyg cgtecegegec

cacagcaagg ccggccccge

anngCtgg ggCtggCgCC

cegegegect tegegtgega

gecttecggyg agcactgetg

ctgcagagtyg ctcggggcegy

ggctgtgett gggccggaca

gatggtgcgg tgggttgegt

ggeggeccete cgegeaggcea

atcctgcage cggacgectyg

cegeceggee ccgagetgta

1740

1800

1860

1920

1980

2040

2100

2160

2220

2280

2340

2400

2460

2520

2580

2640

2700

2760

2820

2880

2940

3000

3060

3120

3180

3240

3300

3360

3420

3480

3540

3600

3660

3720

3780

3840

3900

3960

4020

4080
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cgcgetggeg

cctgeccate

cgccaacgec

¢ggeggegge

cggcacggcyg

tcegtetgeag

tctggagaca

caacccggag

dcggceggeayg

gggcggcatc

cagcggeage

caacggcacc

ctggggcagc

gggctacgag

catgggegec

cageggetgg

dcggcagagy

agcegetgtyg

cggcatgage

thangggt

cgacteggtt

thgggCth

tcecettactyg

ceggggecte

tcgatctage

tattcegget

tcegggttag

gggcacaaat

ttatccaaaa

cagatccect

gtgtgtgggyg

gtgtecgcgge

gaacccttea

ttgctattet

tgacgatctg

cacggtgett

cagcccaage

ctgtcctatt

ttgaactagc

gagcccgagy

ctcaacgeceyg

gecegtcaacy

ggctcegcage

ctggtggcgt

cegegeagty

ctggeggace

cactacacca

cacccgeacy

cgcagcatgt

ggcagtggca

geggetgacyg

gegecgcage

ggeggegtgt

tecgeggtgg

gtgtgggetg

cggcagaggc

cagtgegatce

gectgagege

gaacgtggcee

tgcaactgeg

cgcaatatgt

aagggcagcg

tgaccegeca

agaccgtcaa

ttcgagtgee

gcagccaggg

gagagcgagt

gtgctgtgtg

tccteccatyg

dgaaccgggy

atttgctgta

tgtcagggec

attcctettyg

ttgcagtgtt

gcggegacge

gecteggeag

catcgeggta

agatttcceg

acgccgeage

tcaccagcaa

cegecgteaa

agccgaccge

cggcggcgca

tggtggagge

cgggegecta

aggcgetggg

gecaggegcea

tegeggggeyg

gegecggecy

cggtgctggc

tggcggacct

gggacagcag

gegecgecga

gatgcaggtg

gacggaagcg

agatgcagca

ctgagcacgg

aggggtcagc

tatgcatata

gceggeggecy

gagtgagetg

cgectgegec

ggtcattgee

gggcagtgac

gectgegect

gtgcctette

cgatttcatg

cgcegeatge

ttgcgtgacy

gttgtgetgt

cagcgategt

agagtagctg

gcatagagce

gtctgecgeyg

ctgcagcata

getgatccag

ggcaatgegt

tgccegegec

tggccacacc

cgectecgge

ggngCtht

dcgggagege

ggtgtgggag

cctggectee

cegectgacy

gcagaagcag

caacatcege

gegggggctyg

cagtggegec

ggtgagcgge

tgacgggctg

cccacacgcec

acaggcaagg

gcaagttgca

gagacgtgga

ggtgganCC

cttattacgg

ccaatggtygyg

caacacgggc

tggacggcat

dggccagggy

ttgttgattg

tgcggccaag

ctgcgegtgg

tattagccat

tetgetggtt

tgcecgetgee

tgcgtgtgaa

tgggtgctag

cttgctgggg

cgctgeteag

acgctggage

gtactcctac

aggcgtttga

tagctggtag

gtggcagcce

cactacceeg cectgtecga

c¢geggceageyg gceggeaacgg

cccagegeeg cegecteegyg

gtgccgteca ccgccaactt

gacgecgegeg gcggceggcete

atcatggaca acccgcacce

ggcagcatct cccegctacca

cacctgaage ggctggcegga

gegeageege aggccggega

agctttggcg gcggtgtgcg

ctgcaccage aggcggecte

gccggcecgcegg ccgcecgcecgge

aacggcggece gegegagtge

gacctgcace tcagcgactt

tgcecggtgag gcggcggcga

cgcagtcaga ggaggcagaa

gegtgecagga gctggagtag

gettcagege ttagegggtg

gaggaggtcc ggaagggegt

tgcgtaatgg ttggggtcetyg

tggcegegteyg cgagecgete

acatcagcge attatactat

gggtataggt gthgCgCCg

ctgcacagac aggctaagga

gtatgctetyg tactactatg

cagaactgcce cgtgacctee

ggagcagtge cgggcagecce

gtgccaaatg ttcttaactg

tgtgcgtaca tagggaccca

acaatttgtg ccggegetge

gagtgtgcat gtgtccegeg

gagcggggeg agagtgaaga

caccttgegt gtgetgtget

aggcatgcag tgtgtagagt

tgcagttagt ccagaggtgt

ggctcegtgt tgcaccgegg

gegggtaggt ccatgtgtet

geggtgceget tcggtgtagg

aagctgaaca gggcaggtygg

4140

4200

4260

4320

4380

4440

4500

4560

4620

4680

4740

4800

4860

4920

4980

5040

5100

5160

5220

5280

5340

5400

5460

5520

5580

5640

5700

5760

5820

5880

5940

6000

6060

6120

6180

6240

6300

6360

6420
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74

tggetgggac
aggttgacge
gtgtgttcge
gtggtgcage

C

gatgctceeyg

ccegattggyg

cgtgtggege

gegtgaageg

<210> SEQ ID NO 26
<211> LENGTH: 5302

<212> TYPE:

DNA

cgcaggaacyg

gatttttgtyg

gaaggcgtga

cgtgtcaagy

atgctecege

caggtgttaa

agttactcct

ctgegegeag

<213> ORGANISM: Chlamydomonas reinhardtii

<400> SEQUENCE: 26

cgtgaatgge

tgggegeggg

aagagtgcta

gcaagatggg

gagcaccact

gtcgccagac

ggcgcccacy

gegcaagety

getgcagetyg

gtacgagcac

gttcegecgag

cagcggtage

cgtggcgetg

c¢gaggcggga

aggcaccggyg

gaccgaggcece

tgaggcggcee

gagcttttac

caacaacaag

tggeggegge

gggcgcccag

tgcegectee

cggtectgec

tggtgcgggt

cgeettetee

tgcgetggtyg

ctactectge

cgtcatccag

ggtgtttgag

ggtgctgtac

caaggtcacc

aaaacaatag

acagggagtg

gegecaccety

caagcgtege

agctatatga

caggtectge

gatgtcagcg

tcgteectta

atgcacggge

aaccgcaccg

gcgegecagy

aacggggegy

cegegegage

gcggaggecy

ccgggggcecce

atcggeegea

ctggeggect

getgggetgg

gecgecaaca

ggtggtageg

ggagcggacc

atcgeggeca

aagacggggag

ggcatggcgc

gececteccey

ceggtggett

ccctcagaat

ggctceggaca

gagccggece

gagegettee

ttcacgggec

caacaatgca

cegeteccac

aagcgccagg

cecgeacctte

gccagetatt

gtgaggcgag

gatttettge

ccagecttac

tggacctggt

ccgaggagtg

tgtatgccga

cggcggcgcec

tgcecgttegt

ccgecggggce

aggggcaggyg

tgctgegeag

cggecgeage

cctegetgee

cactgetgge

gtggegegge

ctgeggaccee

tggcaactge

gecagceggege

cagtaacggc

ctgccacegt

catcctegge

ggtttgtggt

cgctggacca

tgggcgtcaa

tgcecgetggt

attccategg

agcgtacacc

cgagcccagyg

aaggaggccc

aacgccaacyg

gtcgcacttt

ggacaaggag

gecegttgge

ctactacatg

ggtgaccage

cggtgecgac

getgaagege

ggtggeggtyg

geegettece

ggcggcagca

dgcagggggce

ccecggcecggayg

cgecegecage

catccegetyg

gecgecgaac

ggcagegtet

cggegeaccea

cgagctgege

cgccagcage

tggcggcatg

ctectecctyg

ggctteccte

ggacgaccct

ctggaagetyg

ggtgcaccge

gtacgaacac

tggctecatg

gcacctcaca ctcatgctca

agctatgece cgtacttggyg

tgaatttgag acatagacag

cccatgtaag gtccgagatg

gggcaaacca agctteggece

actcgcacct gtgtagttac

cgtagegect cgtcetcetgac

acagcagctt ctgtgtggte

gtgagggtte cgacgtttge

cgcgagetge agaacgcgag

gtttgggage tgaagcacct

cacctggtga cgccceggeg

cgegectgeyg acgtgeggec

ggcgacggca tggcegtete

dgcacgggceg gegcecagegy

gcggegggeyg tgtcecaacat

ggcggegega cggagggtgg

gecgecagecg cagetgggga

ctacagctge cgttggecte

gtggtgtegyg caaagcettge

cegeteggeyg cegecgecga

geeggeggec tggtgggege

ggggeggegg ccageageag

gaggttgtgg gCththCg

aacaccagcg gcaaggccac

tccegecgee tgggceggeac

ggcagcagca gcggeggtat

cgtttgtcac ccgecgecac

gectecacgg acgccgggac

accttetect ccagetetge

gecteggeca cacgeatcett

aacctgacgt tcgacccggt

ggcgtgtacg aggcggcgct

ctggaggegt cgeccttete

gccacgetge tgatgcetcat

6480

6540

6600

6660

6661

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

1020

1080

1140

1200

1260

1320

1380

1440

1500

1560

1620

1680

1740

1800

1860
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76

-continued
gtaccgcaac cggggcgtgce tgccgccgca ctccatcgec accgtctaca cctttggege 1920
gccegecgtyg ttetgecage agcagcaacce ggccgtagec gacgectett cggectgetg 1980
caacggcagt agcagcaacg gcagtagecac gcccgecage ggcagetcca geccgaggag 2040
cggcagecce ggctcagect cggectegte getgecggee ggcagtggea geggtgecgg 2100
cggcatgteg ctgtgggege tgggcectgag cggcectttgge atgggcggeg ccagtctggce 2160
cggeggegge agcaccageg cccctageag taccgeegge ctggegagtyg tggacggegg 2220
cgeegtggeg getggceggeg geggcagcegg cttcaactca tcagggctgg gettcatgag 2280
cgtegaggac ccccaggegg tetegatgee geegggegee geccaggege cctegeccege 2340
gtcegegeeg gegeccaceg ceggeccagyg ccacaacage cacagcagec acagcaaggce 2400
cggecaegee gecgecaaga getgegectyg cggtgttgac gggetgetga cgeggetggg 2460
gctggegeceyg cacgtggtge gcaacgtggt gatggcgcgg gacgtggtgce cgcegegectt 2520
cgegtgegac tacagectgg tggeggacat cctcaaggge tgggggeegg ccttecggga 2580
gcactgctge ctcaacaggc acggccgcaa gcacctgtac tacttcegtgg ggcgcatgtg 2640
catcctgecag ccggacgect ggcacagett cgtgggegge gacccggage accccatget 2700
gecgecegge cccgagetgt acgegetgge ggagceccgag gacgecgecg ctgecegege 2760
ccactaccce geoctgteeg acctgeccat cctcaacgec gtcaccagea atggccacac 2820
cegeggeage ggceggcaacg gogecaacge cgecgtcaac gecgeegtca acgecteegg 2880
cceccagegee geogecteog goeggeggegyg cggctegeag cagecgacceg cggeggetge 2940
tgtgcegtee accgecaact teggcacgge getggtggeg teggeggege agegggageg 3000
cgacgegege ggceggegget ctegtetgea gecgegeagt gtggtggagg cggtgtggga 3060
gatcatggac aacccgcacce ctctggagac actggeggac ccgggegect acctggectce 3120
cggcagcate tcccgetace acaacccgga gcactacacce aaggegetgg gecgectgac 3180
gecacctgaag cggctggegg ageggeggca gcacccgcac ggccaggege agcagaagea 3240
ggcgcageceg caggcecggeg agggceggcat ccgcagcatg ttegegggge gcaacatceg 3300
cagetttgge ggeggtgtge geageggeag cggcagtgge agegeeggee ggeggggget 3360
getgcaccag caggeggect ccaacggcac cgceggctgac geggtgetgyg ccagtggege 3420
cgeeggegeg geogecgegg cctggggeag cgegecgeag ctggeggace tggtgagegg 3480
caacggegge cgcegcegagtg cgggctacga gggeggegtg tgggacagca gtgacggget 3540
ggacctgcac ctcagcgact tcatgggege cteegeggtg ggegecgeog acccacacgc 3600
ctgceggtga ggceggeggeg acageggetyg ggtgtggget ggatgcaggt gacaggcaag 3660
gegecagtceag aggaggcaga agcggcagag gcggcagagg cgacggaagce ggcaagttge 3720
agcgtgcagyg agctggagta gagecgetgt gecagtgegat cagatgcage agagacgtgg 3780
agcttcageg cttagegggt geggcatgag cgectgageg cetgagcacyg gggtggacge 3840
cgaggaggtc cggaagggcg ttgcacgggg tgaacgtggce caggggtcag ccttattacg 3900
gtgcgtaatg gttggggtct gcgactceggt ttgcaactgce gtatgcatat accaatggtg 3960
gtggcgegte gegageeget ctgegggetyg cegcaatatg tgeggeggeco gcaacacggg 4020
cacatcagcg cattatacta ttcccttact gaagggcagce ggagtgagct gtggacggca 4080
tgggtatagg tgtcggegee gecggggect ctgaccegece acgectgege cgggcecaggg 4140
gctgcacaga caggctaagg atcgatctag cagaccgtca aggtcattgce cttgttgatt 4200
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ggtatgctet

gcagaactge

gggagcagtg

tgtgccaaat

ttgtgegtac

cacaatttgt

agagtgtgca

dgagceggggce

gcaccttgeyg

gaggcatgca

ctgcagttag

cggeteegty

agcgggtagg

ggeggtgege

caagctgaac

cgcaccteac

aagctatgec

ttgaatttga

gcccatgtaa

gtactactat

cegtgaccte

cegggeagec

gttcttaact

atagggaccc

gCngCgCtg

tgtgtccege

gagagtgaag

tgtgctgtge

gtgtgtagag

tccagaggty

ttgcaccgeyg

tccatgtgte

ttcggtgtag

agggcaggtg

actcatgete

cegtacttygg

gacatagaca

ggtccgagat

<210> SEQ ID NO 27
<211> LENGTH: 3354

<212> TYPE:

DNA

gtattccgge

ctcegggtta

cgggcacaaa

gttatccaaa

acagatccce

cgtgtgtggg

ggtgtegegg

agaaccctte

tttgctatte

ttgacgatct

tcacggtget

gcagcccaag

tcetgtectat

gttgaactag

gtggctggga

aaggttgacg

ggtgtgttcg

ggtggtgcag

gc

tttcgagtge

ggcagccagg

tgagagcgag

agtgctgtgt

ttccteccat

dggaaccggy

catttgetgt

atgtcaggge

tattcctcectt

gttgcagtgt

tgcggcgacg

cgecteggea

tcatcgeggt

cagatttcece

cgatgetece

cccegattygyg

cegtgtggeg

cgcegtgaage

<213> ORGANISM: Chlamydomonas reinhardtii

<400> SEQUENCE: 27

atgagccage

ctgegtgagg

agcggattte

cttaccagec

gggctggacc

accgecgagyg

caggtgtatg

gcggceggegy

gagctgeegt

gecgeegecy

gcccaggggce

cgcatgetge

gecteggecy

ctggectege

aacacactgc

agcggtggceg

gaccctgegyg

tattgtcgeca

cgagggacaa

ttgcgecegt

ttacctacta

tggtggtgac

agtgeggtge

ccgagetgaa

CgCngtggC

tegtgecget

dggceggeggce

agggggcagy

gcagccegge

cegecgeage

tgcccateee

tggecgeegec

cggcggcagce

acceceggege

ctttgtgagy

dgagcgegag

tggcgtttgg

catgcacctyg

cagccgeged

cgacggegac

gcgeggeacy

ggtggeggeg

tcceggegge

agcagccgea

gggcectacag

ggaggtggtyg

cagccegete

gCtggCngC

gaacggggcyg

gtctgaggtt

acccaacacc

gttecgacgt

ctgcagaacyg

gagctgaage

gtgacgccce

tgcgacgtge

ggcatggccg

ggcggcgcca

ggcegtgteca

dcgacggagy

gecegecagety

ctgecegttygyg

tcggcaaage

ggcgceccgcecg

ggcctggtgg

geggecagea

gtgggctcgt

agcggcaagyg

cgggcagtga ctgcggecaa
ggcetgegee tetgegegtyg
tgtgcctett ctattageca
gegattteat gtetgetggt
gegecgeatyg ctgcegetge
gttgcgtgac gtgegtgtga
agttgtgcetyg ttgggtgeta
ccagcgateg tettgetggy
gagagtagct gcgctgetca
tgcatagagce cacgctggag
cgtetgeege ggtactecta
getgcageat aaggegtttg
agctgatcca gtagctggta
gggcaatgeg tgtggcagece
gegeaggaac gatgcetceceg
ggatttttgt gcaggtgtta
tgaaggcgtyg aagttactcc

gegtgtcaag getgegegea

ttgcgtegee agaccaggte

cgagggcgece cacggatgte

acctgegcaa gctgtegtee

ggceggetgea getgatgeac

ggcegtacga gcacaaccgce

tctegttege cgaggegege

gcggcagcgyg tagcaacggg

acatcgtgge gctgecgege

gtggcgaggc gggagcggag

dggaaggcac cgggccgggy

cctegacega ggccatcegge

ttgctgagge ggccctggeyg

ccgagagett ttacgetggyg

gegecaacaa caaggcecgece

gcagtggegg cggtggtggt

¢geggggege ccagggageg

ccactgecege ctecategeg

4260

4320

4380

4440

4500

4560

4620

4680

4740

4800

4860

4920

4980

5040

5100

5160

5220

5280

5302

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

1020
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-continued
gecatggcaa ctgccgaget gegetcecege cgectgggeg geaccggteco tgecaagacyg 1080
gggggcageg gegcecegecag cageggcage agcageggeg gtattggtge gggtggeatg 1140
gcgecagtaa cggetggegg catgegtttg tcaccecgceeg ccaccgectt ctecgecect 1200
ccegetgeca cegtetecte cetggectee acggacgecg ggactgcecget ggtgeceggtg 1260
gcttecatect cggeggette cctcacctte tecteccaget ctgectactce ctgeccctcea 1320
gaatggtttg tggtggacga ccctgccteg geccacacgca tcecttegtcat ccagggeteg 1380
gacacgctgg accactggaa gctgaacctg acgttcgacc cggtggtgtt tgaggagcecg 1440
geectgggeyg tcaaggtgca cegeggegtyg tacgaggegg cgetggtget gtacgagege 1500
ttectgecge tggtgtacga acacctggag gcgtcecgecect tcetceccaaggt caccttcacg 1560
ggccatteca teggtggcte catggccacg ctgctgatge tcatgtaccg caaccggggce 1620
gtgctgcege cgcactccat cgccaccgte tacacctttg gegegceccgce cgtgttetge 1680
cagcagcage aaccggecgt agecgacgece tctteggect getgcaacgg cagtagcage 1740
aacggcagta gcacgececge cageggcage tccageccga ggageggeag ccccggetca 1800
gccteggect cgtegetgee ggecggcagt ggcageggtg ccggceggcat gtegetgtgg 1860
gegetgggee tgageggett tggcatggge ggcegecagte tggecggegyg cggcageacc 1920
agcgccecta gcagtaccge cggectggeg agtgtggacg geggegeegt ggeggetgge 1980
ggcggeggca geggcettcaa ctcatcaggyg ctgggettca tgagegtcega ggaccccecag 2040
geggtetega tgecgeeggg cgcegeccag gegecoctege cegegteege geeggegeod 2100
accgecoggeo ccggocacaa cagccacage agecacagea aggecggece cgecgecgec 2160
aagagctgeg cctgeggtgt tgacgggctg ctgacgegge tggggctgge gecgcacgtg 2220
gtgcgcaacg tggtgatggce gcgggacgtg gtgccgcgeg ccttegegtg cgactacage 2280
ctggtggcgg acatcctcaa gggctggggg ccggccttece gggagcactg ctgectcaac 2340
aggcacggcce gcaagcacct gtactactte gtggggcgca tgtgcatcct gcagcecggac 2400
gectggecaca gettegtggg cggegacceg gagcacccca tgetgecgeco cggecccgag 2460
ctgtacgege tggeggagece cgaggacgece gecgetgece gegeccacta ccecgecectg 2520
tccgacctge ccatcctcaa cgecgtecace agecaatggec acaccegegg cageggegge 2580
aacggcgeca acgccgecgt caacgecgece gtcaacgect ceggecccag cgecgecgece 2640
tceggeggeg geggeggete geagcagecg accgeggegg ctgetgtgee gtecaccegece 2700
aacttcggca cggegetggt ggegteggeg gegeageggg agegegacge gegeggegge 2760
ggctectegte tgcagececgceg cagtgtggtg gaggcggtgt gggagatcat ggacaacccyg 2820
caccctetgg agacactgge ggacceggge gectacctgg cetecggeag catctceccege 2880
taccacaacc cggagcacta caccaaggeg ctgggecgece tgacgcacct gaageggetg 2940
geggagegge ggcagcacce gcacggecag gcegcagcaga agcaggcgca gecgeaggec 3000
ggcgagggeyg gcatccgcag catgttegeg gggcegcaaca tcegeagett tggeggeggt 3060
gtgcgcageg gcageggcag tggcagegece ggceceggeggg ggctgetgea ccageaggeg 3120
gectcecaacyg gcaccegegge tgacgeggtyg ctggecagtg gegecgeogyg cgeggecged 3180
geggectggyg gcagegegee gcagetggeyg gacctggtga geggcaacgyg cggecgegeg 3240
agtgcggget acgagggegg cgtgtgggac agecagtgacg ggctggacct gcacctcage 3300
gacttcatgg gcgecctecge ggtgggegece gecgacccac acgcecctgecg gtga 3354
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What is claimed is:

1. A recombinant cell comprising a vector having a heter-
ologous promoter operably linked to a nucleotide sequence
encoding a polypeptide which is a galactoglycerolipid lipase
having at least 95% amino acid sequence identity to a
polypeptide having SEQ ID NO: 1.

2. The recombinant cell of claim 1 which is an algal cell, a
bacterial cell or a plant cell.

3. The recombinant cell of claim 1 which is . coli.

4. The recombinant cell of claim 1 which is a corn, cannola
canola, palm, soybean, peanut, or walnut cell.

5. The recombinant cell of claim 1 which is a red, green or
brown alga.

6. The recombinant cell of claim 1 which is a Chlamydomo-
nas, Nannochlovopsis, Phaeophyceae or Phytophthora
infestans cell.

7. The recombinant cell of claim 2 which is an Archaeplas-
tida, Rhizaria, Excavata, Chromista, or Alveolata cell.

8. The recombinant cell of claim 1 which is a green algae,
Rhodophyta (red algae), Glaucophyta, Chlorarachniophytes,
Euglenids, Bacillariophyceae (Diatoms), Axodine, Boli-
domonas, Eustigmatophyceae, Phaeophyceae (brown algae),
Chrysophyceae (golden algae), Raphidophyceae, Synuro-
phyceae, Xanthophyceae (yellow-green algae), Cryptophyta,
Dinoflagellates or Haptophyta cell.

9. A method to produce triacylglycerol (TAG) comprising:

providing the recombinant cell of claim 1; and

culturing the cell under conditions that produce oil having

TAG.

10. The method of claim 9 further comprising isolating

TAG.

10

15

20

25

30

82

11. The method of claim 9 wherein the cell is a plant cell in
a plant.

12. The method of claim 9 wherein the plant is a corn,
cannola, palm, soybean, peanut, or walnut plant.

13. The method of claim 9 wherein the cell is a brown, red
or green algal cell.

14. A method to increase oil production, comprising:

providing the recombinant cell of claim 1; and

culturing the cell under conditions that produce oil in an

amount that is increased relative to a corresponding non-
recombinant cell.

15. The method of claim 14 further comprising isolating
the oil.

16. The method of claim 14 wherein the cell is a plant cell
in a plant.

17. The method of claim 16 wherein the plant is a corn,
cannola, palm, soybean, peanut, or walnut plant.

18. The method of claim 14 wherein the cell is a brown, red
or green algal cell.

19. The method of claim 14 wherein the amount of mono-
unsaturated fatty acids in the oil is increased.

20. A recombinant DNA construct comprising a heterolo-
gous promoter operably linked to a nucleotide sequence
encoding a polypeptide which is a galactoglycerolipid lipase
having at least 95% amino acid sequence identity to a
polypeptide having SEQ ID NO:1.

21. The recombinant cell of claim 1 wherein the nucleotide
sequence is at least 95% identical to SEQ ID NO:2.
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